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ABSTRACT 
 
Textile mill present in Rajahmundry, AP, India is one of the industries which is polluting the 
nearby water bodies and lands as well as the whole environment. Phenol and Chromium are 
the two major pollutants present in the effluent besides many organic, inorganic and heavy 
metal contaminants. Because of the hazardous nature, toxicity and exposure, Cr(VI) and 
Phenol have been designated as priority pollutants. There are many physical and chemical 
treatment methods available for the removal of both phenol and chromium but all these 
methods have problems associated such as secondary effluent, hazardous and harmful end 
products, high energy consuming, non economic etc. These problems can be overcomed by 
the use of biological treatment methods which are simple as well as eco-friendly and 
economic processes where complete removal of the pollutants is possible.  
In this study simultaneous removal of phenol and Cr(VI) was achieved with the help of two 
indigenous microorganisms Pseudomonas putida (MTCC 1194) and Escherichia coli (NCIM 
5051). The Pseudomonas putida (MTCC 1194) was capable of degrading phenol and the 
metabolites, energy and electrons produced during the phenol degradation is utilized by 
Escherichia coli (NCIM 5051) for the reduction of Cr(VI). The optimum condition was 
obtained for both the microorganisms as pH 7, temperature 30
0
C, 12 hours inoculum age 
using 5% inoculums, shaking at 130 rpm with peptone and dextrose as nitrogen and carbon 
source. At optimum process condition individual P. putida could degrade maximum of 1000 
ppm phenol and E. coli could degrade 40 ppm of Cr(VI) in shake flask culture. Simultaneous 
removal of phenol and Cr(VI) was examined with various combination of phenol and Cr(VI) 
concentrations when phenol was used as a carbon source. Simultaneous phenol and Cr(VI) 
degradation was studied at constant Cr(VI) concentration (5 mg/L) and varying the phenol 
concentration (50-1000) mg/L and vice versa. Simultaneous degradation of phenol and 
Cr(VI) was studied both using bioreactor and shake flask. Maximum degradation within less 
time was achieved using a bioreactor. The heavy metals resistance of the microorganisms 
shows the result in the sequence of Zn > Cu > Ni. The textile mill effluent was treated in a 
bioreactor at optimum conditions such as pH 7, temperature 30
0
C, 12 hours inoculums age, 
5% inoculums, agitation at 200 rpm and DO 100 mg/l. The effluent analyzed after treatment 
indicates that along with the major pollutant such as phenol and Cr(VI) other heavy metals 
also attained their permissible limits. The cytological and morphological changes that 
ix 
 
occurred in the cells of the microorganisms both before and after treatment were observed. 
The mixed culture of microorganisms were capable of removing both the contaminants in one 
set of experiment that made the approach cost effective, time shaving. The simultaneous 
utilization of toxic intermediates was possible through the method. The studied indigenous 
organisms can be very well applied for the treatment of effluents containing the multiple 
contaminants such as phenol and chromium. 
 
 
(Keywords: industrial effluent, chromium, phenol, Pseudomonas putida, Escherichia coli) 
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1. INTRODUCTION 
Waste water released from various industries is the major concerns for environmentalists now 
days. Industrial effluents contain various toxic metals, harmful gases, and several organic and 
inorganic compounds. Both the quality and quantity of effluent result in various impacts   on 
the availability of good quality water as well as on marine environment. Due to the discharge 
of these toxic effluents, there has been a major loss in the ecological, social and economic 
perspective. The long-term consequences of exposure also cause fatal diseases like cancer, 
delayed nervous responses, mutagenic changes, neurological disorders etc [Wahaab, (2000) 
and Balaji et al., (2005)].  
 
Chromium metal is an example of a heavy metal found in the effluents of industries, such as 
in metal finishing, petroleum refining, iron and steel industries, textile manufacturing, 
electroplating, leather tanning metal plating etc  [Ramakrishna and Philip, (2005); Horton et 
al., (2006); Das and Mishra, (2010); Poornima et al., (2010)]. Effluents of these industries 
contain large quantities of chromium-laden in their wastewater. Hexavalent chromium 
(Cr(VI)) compounds are considered to be highly toxic, carcinogenic, and mutagenic to living 
organisms [Poopal and Laxman, (2009) and Ramakrishna and Philip, (2005)]. But trivalent 
chromium (Cr(III)) is generally toxic only to plants at very high concentrations and is less 
toxic or non-toxic to  human and animals [Shen and Wang, (1994), Megharaj et al., (2003)]. 
Because of its hazardous nature, toxicity and exposure, Cr(VI) has been designated as a 
priority pollutant in many countries [Wang and Xiao et al., (1995); Shakoori et al., (2000); 
Megharaj et al., (2003)]. Due to the high toxicity of chromium the central pollution control 
board has fixed the minimum permissible limits of Cr(VI) and total chromium at 0.1 mg/l and 
2 mg/l respectively. 
 
Phenol is another major pollutant included in the list of EPA (1979). Aqueous phenolic 
effluents are relatively common industrial wastes, being produced in several industries and 
operations such as petroleum refineries, gas and coke oven industries, phenolic resins, 
explosive manufacture, plastic and varnish industries, textiles units using organic dyes, and 
smelting and related metallurgical operations [Mahadevaswamy et al., (1997); 
Bandyopadhyay et al., (1998); Jayachandran and Kunhi, (2008); Marrot et al., (2006); Paula 
and Young, (1998)]. Acute exposure of phenol causes central nervous system disorders. 
Acute exposure of phenol can result in myocardial depression. Phenol causes a burning effect 
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on skin. It can also cause hepatic damage [Kumar et al., (2005); Bandyopadhyay et al., 
(1998); Annadurai et al., (2007); Arutchelvan et al., (2006)]. In these perspectives central 
pollution control board set the minimum permissible level for phenol in environment as 0.05 
to 0.1mg/l. 
 
Chromium and aromatic compounds like phenol are discharged together in industrial 
processes such as wood preserving, metal finishing, petroleum refining, leather tanning and 
finishing, paint and ink formulation, pulp and paper industry, Textile Industry Pharmaceutical 
industry and manufacturing of automobile parts [Song et al., (2009); Tziotzios et al., (2008); 
Wang and Chirwa, (1998); Yun-guo et al., (2008); Nkhalambayausi-Chirwa and Wang, 
(2001)]. Traditionally, high concentrations of Cr(VI) and phenol in industrial wastewater 
require the use of expensive chemical and physical processes for their removal like 
ozonization, adsorption, ion exchange, membrane filtration, chemical oxidation etc [Aksu and 
Gonen, (2006; Tziotzios et al., (2008); Wang and Chirwa, (1998); Yun-guo et al., (2008)]. 
But these process are high energy consuming, non economic and release effluents and waste 
waters which again pollute the environment. To overcome the drawbacks of these physical 
and chemical methods recently biotechnological processes have been reported as an 
alternative to these complex and expensive treatment methods. Biological methods are simple 
as well as eco-friendly processes and have the potential to completely reduce and degrade the 
pollutants under aerobic or anaerobic conditions at relatively low capital and operating cost.  
 
Very few researchers have initiated research work on degradation of phenol and chromium in 
mixed culture of different phenol reducing and chromium degrading microorganisms. There 
have been very few reports on degradation using indigenous microorganisms such as P. 
putida MTCC (1194) and E. coli NCIM (5051) for the simultaneous removal of phenol and 
chromium from textile industry effluent and also bringing the other heavy metals present in 
the effluent to below their permissible limits. There is lack of a complete investigation on 
maximum degradation level of both the pollutants when occurring simultaneously in presence 
of mixed culture of organisms in shake flask and bioreactor. Moreover there are only a few 
reports on the morphological and cytological changes that take place in the cell wall during 
the degradation process. Hence degradation studies using indigenous microbes have been 
sorted to treat Cr(VI) and phenol in the textile industry effluent. 
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2. LITERATURE REVIEW  
Pollution of water by industrial effluents of process industries is a serious problem in most 
countries. Industrial waste consists of both organic and inorganic substances. Organic wastes 
include pesticide residues, various hydrocarbons, solvents, cleaning fluids, dissolved residue 
from fruit and vegetables, and lignin from pulp and paper etc. Effluents can also 
contain inorganic wastes such as brine salts and metals. The increased industrial activities 
have reduced the availability of good quality water by producing a large amount of effluents 
to the rivers. Industrial effluents often contain various toxic metals, harmful gases, and 
several organic and inorganic compounds [Balaji et al., (2005)]. Due to discharge of toxic 
effluents long-term consequence of exposure can cause cancer, delayed nervous damage, 
malformation in urban children, mutagenic changes, neurological disorders etc 
[Govindarajalu, (2003)]. Phenol and chromium are the major contaminant present in the 
effluent discharged from the various industrial processes such as wood preserving, metal 
finishing, petroleum refining, leather tanning and finishing, paint and ink formulation, pulp 
and paper industry, Textile Industry Pharmaceutical industry and manufacturing of 
automobile parts industries [Song et al., (2009); Tziotzios et al., (2008); Wang and Chirwa, 
(1998); Yun-guo et al., (2008); Nkhalambayausi-Chirwa and Wang, (2001)]. 
 
2.1. Phenol  
 
 Phenol is a White Crystalline Solid. It contains a six-membered aromatic ring, bonded 
directly to a hydroxyl group (OH) having chemical formula C6H5OH [Prpich and Daugulis, 
(2005)]. Phenol is a hygroscopic [Collins and Daugulis, (1997)], slightly acidic by nature. It 
has a distinctive odour. Its molecular weight is 94.11, density is 1.072 and the boiling point is 
181.9°C. Its other names are Carbolic acid, Benzenol, PhenylicAcid, Hydroxybenzene, 
Phenic acid [Annadurai et al., (2000)]. 
 
2.1.1. Uses of phenol   
                                   
 Medical Use: Phenol has antiseptic properties and is used for aseptic (germ-free) 
techniques in surgery and sanitation purposes.  
 Industrial Use: Aqueous phenolic effluents are relatively common industrial wastes, 
being produced in several industries and operations such as herbicides, and synthetic 
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resins industries petroleum refineries, gas and coke oven industries, phenolic resins, 
explosive manufacture, plastic and varnish industries, textiles units using organic 
dyes, and smelting and related metallurgical operations etc [Mahadevaswamy et al., 
(1997); Bandyopadhyay et al., (1998); Marrot et al., (2006); Bodalo et al., (2008); 
Jayachandran and Kunhi, (2008)]. 
 Laboratory Use: Phenol is used along with chloroform (a commonly-used mixture in 
molecular biology for DNA & RNA purification from proteins) and also used for cell 
disruption and lysis purpose.  
 Beauty Products: Phenol is also used in the preparation of cosmetics including 
sunscreens, hair dyes, and skin lightening products. 
 
2.1.2. Toxicity of phenol  
 
Phenol is a major pollutant included in the list of EPA (1979) as reported by Agarry et al., 
(2008). Acute exposure of phenol causes disorders of central nervous system. Hypothermia, 
myocardial depression, burning effect on skin, irritation of the eyes, also it causes 
gastrointestinal disturbance are same of the effects reported by the researchers [Tziotzios et 
al., (2005) and Chakraborty et al., (2010)]. As per the rules of central pollution control board 
the minimum permissible level for phenol in environment is 0.1mg/l [Kumaran and 
Paruchuri, (1996); Nuhoglu and Yalcin, (2005) and Saravanan et al., (2008)]. 
 
2.2. Chromium 
 
Chromium is a chemical element discovered in 1797 by Louis Nicolas Vauquelin which has 
the symbol Cr. Its atomic number is 24. It is a hard metal of steely gray colour and also it has 
a high melting point of 1907°C. It is odourless and tasteless metal. Many of its compounds 
are intensely coloured. Chromium is important metal due to its high corrosion resistance and 
hardness. The trivalent chromium (Cr(III)) is required in trace amounts for sugar and lipid 
metabolism in humans and its deficiency causes disease. Hexavalent chromium (Cr(VI)) is a 
highly toxic metal pollutant that affects the environment and is abundantly available in the 
environment. Due to its toxicity and harmful effect on living system its cleanup is highly 
essential. 
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2.2.1. Uses of chromium  
 
Chromium metal is found in the effluents of industries, such as in metal finishing, petroleum 
refining, iron and steel industries, textile manufacturing, electroplating, leather tanning metal 
plating etc [Shen and Wang, (1994); Horton et al., (2006); Das and Mishra, (2010)]. Effluents 
of these industries contain large quantities of chromium-laden in their wastewater [Poornima 
et al., (2010)]. Hexavalent chromium Cr(VI) compounds are considered to be highly toxic, 
carcinogenic, and mutagenic to living organisms [Ramakrishna and Philip, (2005) and Poopal 
and Laxman, (2009)]. Considering its potential for hazardous toxicity and exposure, Cr(VI) 
has been designated as a priority pollutant in many countries. [Bae et al., (2000); Cheunga 
and Gu, (2007); Srivastava et al., (2008)]. 
 
2.2.2. Toxicity of chromium 
  
Considering its potential for hazardous toxicity and exposure, Cr(VI) has been designated as 
a priority pollutant in many countries. Chromium(VI) is toxic and harmful to human health, 
mainly for the people who are working in industries where Cr(VI) is widely used . Chromium 
(VI) causes various health problems to human beings as reported by [Dermou et al., (2005)]. 
It has been reported by various authors that hexavalent chromium causes lung  cancer , ulcer, 
severe damage to the liver and kidneys, perforation of nasal septum, leukocytosis, Skin rashes 
in humans [Poornima et al., (2010); Pechova, (2007); Kaufman et al., (1970); Li et al., 
(1987)]. There is sufficient evidence for carcinogenicity of Cr(VI) in animals for the 
hexavalent chromium compounds like calcium chromate, chromium 
trioxide, lead chromate, strontium chromate and zinc chromate stated by Poopal and Laxman, 
(2009). IARC and ACGIH has also classified chromium metal and trivalent chromium 
compounds as not human carcinogen. According to central pollution control board the 
minimum permissible limits of Cr(VI) at 0.05-0.1 ppm and 2 ppm for total chromium is sited 
[Das and Mishra, (2010)]. 
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2.3.  Different Physical and chemical Methods for phenol and chromium degradation 
and their draw backs 
 
Traditionally, by the use of various expensive chemical and physical processes high 
concentrations of both Cr(VI) and phenol are reduced from the industrial wastewater. Those 
methods include ozonization, adsorption, ion exchange, membrane filtration, chemical 
oxidation etc [Arutchelvan et al., (2006); Aksu and Gonen, (2006); Meghraj et al., (2003); 
Das and Mishra, (2010)]. But these process are high energy consuming, non economic and 
release effluents and waste waters which requires further treatment and thus are alarming for 
the environment. Also complete removal of the pollutants cannot be possible by the use of 
physical and chemical processes [Camargo et al., (2003); Shen and Wang, (1994); Wang and 
Chirwa, (1998)].  
 
2.3.1. Ozonization  
 
Chemical oxidation with ozone can be used to treat organic pollutants or act as disinfectant 
agents. Ozone is a powerful oxidant that can oxidize a great number of organic and inorganic 
materials. Ozone based technologies research is also being focused on the catalytic ozonation 
where the presence of catalyst significantly improved the oxidation rate of organic 
compounds compared to non catalytic ozonization. The ozonization processes are possibly 
one of the most effective methods for treatment of wastewater containing organic products 
such as effluents from chemical and agrochemical industries, textile industry, paints, etc. 
[Guendy, (2007)]. However, the characteristics of the wastewater such as pH, temperature 
and concentration of organic pollutant play an important role in organic degradation 
[Yogeswary et al., (2005)]. Similarly [Wang et al., (2008)] have studied the treatment of 
industrial effluent by treatment with ozone initial pH, ozone dosages and dosages of catalyst 
on effluent treatment. Then, organic matter remained was removed by BAF(Biological 
aerated filter), and the effect of hydraulic retention time (HRT) of BAF was also considered. 
Their result showed that under optimum pH and dose of H2O2 was about 30% COD could be 
removed by ozonization alone.  The use of high oxidation potential like ozonization has 
recently received much attention in wastewater treatment studies. Ozonizer in which the 
oxygen molecules in the gas were dissociated to form ozone was used in many cases 
[Matheswaran et al., (2007)]. The disadvantages associated with the process are high 
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operating cost. The cost of the equipment is very high and also it requires high voltage and 
electricity for its operation [Gharbani et al., (2010)]. 
 
2.3.2. Ion exchange 
 
Ion exchange means the removal of an ion from an aqueous solution by replacing another 
ionic species. There are natural and synthetic materials available which are specially designed 
to enable ion exchange operations at high levels.  So ion exchangers are used to perform this 
ion exchange for removal of organic and inorganic pollutants along with other heavy metals 
for purification and decontamination of industrial effluent. Synthetic and industrially 
produced ion exchange resins are mainly made up of polystyrene and polyacrylate are in the 
form of small and porous beads. Also there are some naturally occurring minerals which have 
ion exchange properties. The most common one is aluminium silicate minerals which are also 
called zeolites [Raghu and Basha, (2007)]. There are different zeolites available made up of 
various ionic materials which have affinity towards some particular metals. The main features 
of the ionic resins include material properties such as like adsorption capacity, porosity, 
density etc [Zorpas  et al., (2010)]. The main disadvantages associated with ion exchange 
method are the high cost of the ion exchange resins and each resin must be selectively 
removes one type of contaminant only. Further, complete removal of the contaminant is not 
possible. Besides, it can be used for limited cycles only as by passing concentrated metal 
solution the matrix gets easily owned out by organics and other solids in the wastewater after 
several use. Moreover ion exchange is also highly sensitive to pH of the solution [Liotta et 
al., (2009) and Sapari et al., (1996)]. 
 
2.3.3. Adsorption  
 
Adsorption is a widely used method for the treatment of industrial wastewater containing 
colour, heavy metals and other inorganic and organic impurities stated by Al-Rekabi et al., 
(2007) and Patel and Vashi., (2010). Adsorbent materials are basically derived from low-cost 
agricultural wastes, activated carbon prepared from various raw materials such as sawdust, 
nut shells, coconut shells etc Zawani et al., (2009). These adsorbents are basically used for 
the effective removal and recovery of organic and metal pollutants from wastewater streams 
[Basso et al., (2002) and Park et al., (2006)]. It is a complex process affected by several 
factors. Mechanisms involved in the adsorption process mainly focus on the selection of the 
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adsorbent material like their particle size surface area and porosity etc [Gardea-Torresdey et 
al., (2004)]. This method suffers from low adsorption capacity and in some cases complete 
removal is not possible and high cost of the adsorbent. After use the disposal of adsorbants 
creates problems. 
 
2.3.4. Membrane filtration 
 
Membrane filtration technique has received a significant attention for the wastewater 
treatment. It considers the application of hydraulic pressure to bring about the desired 
separation through the semi permeable membrane [Chen et al in 2004]. Membranes are of 
different pore size and it is necessary to select membranes of appropriate pore size for 
specific purpose so that effluent and wastewater could be purified and permeate could be 
recycled a number of times. Mainly three types of membrane filtration is there. They are 
Ultra-filtration, Nanofiltration and Reverse osmosis reported by Chauhan and Rekha, (2004) 
and Al-Rekabi et al., (2007). Various other types of membranes such as inorganic, polymeric, 
and liquid membranes can be used in this process. The main problem associated with this 
process is incomplete removal of contaminants, high energy requirement, high cost of the 
membrane and longevity of the membrane. After long term use the membrane get clogged 
with the contaminants present in the waste water and is damaged due to extra pressure on the 
membrane. 
 
2.3.5. Chemical oxidation  
 
In this process the waste materials from the industrial waste water are removed by the help of 
chemical oxidation by the use of various chemicals mainly hydrogen peroxide is widely used 
for this purpose as reported [Dias-Machado et al., (2006) and Ksibi, (2006)]. There are many 
disadvantages associated with this process like the high cost of the chemicals, emission of 
various harmful by products, it creates hazardous constituent like secondary effluent problem 
along with the production of harmful gases. 
 
2.4. Biodegradation 
 
Biodegradation is the process of decaying or reduction of different organic materials and 
toxic metals to their non toxic form with the help of microorganisms. In this process complete 
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mineralization of the starting compound to simpler ones like CO2, H2O, NO3 and other 
inorganic compounds takes place [Atlas and Bartha, (1998)].In the mixed culture of 
microorganisms phenol degrading organisms utilizes phenol as sole source of carbon and 
produce energy, metabolites, electron donor which is used by the chromium degrading 
organisms to reduce chromium [Yun-guo et al., (2008); Tziotzio et al., (2008) and Song et al., 
(2009)]. Biodegradation is a microbial process in which nutrients and physical conditions 
plays important role. Temperature and pH are the important physical variables and carbon, 
nitrogen, oxygen, phosphorus, sulfur, calcium, magnesium, and several metals are the 
micronutrients that also shows a significant impact on degradation behavior is reported  
[Khazi et al., (2007)]. 
 
2.4.1. Advantages of biodegradation  
 
There are various advantages associated with biodegradation such as 
The process is a simple process. It is an eco-friendly and  cost effective process that  requires 
low capital and operating cost. Being environmentally friendly process it produces no 
harmful end products  
 
2.4.2. Microorganisms involved in biodegradation of phenol and chromium  
 
Degradation of phenol occurs as a result of the activity of a large number of microorganisms 
including bacteria and fungi. Bacterial species include Bacillus sp, Pseudomonas sp, 
Acinetobacter sp, Achromobacter sp etc. Fusarium sp, Phanerocheate chrysosporium, 
Corious versicolor, Ralstonia sp, Streptomyces sp etc are also proved to be efficient fungal 
groups that evidenced phenol biodegradation [Chitra et al., (1995);Nair et al., (2008); Basha 
et al., (2010); Kumar et al., (2005); Mordocco et al., (1999); Chung et al., (2003); Santos et 
al., (2006); Chen et al., (2003)]. 
Similarly chromium degradation can be possible with the help of variety of bacteria and 
fungal groups like Arthrobacter sp. and Bacillus sp., Megharaj et al., (2003), E. coli ATCC 
33456 [Bae et al 2000 and Shen et al 1994], Pseudomonas aeruginosa [Aguilera et al., 
(2004)], Brevebacterium casei [Das and Mishra, (2010)], Acinetobacter sp [Srivastava et al., 
(2007)] some unidentified species like Pseudomonas fluorescens, Pseudomonas synxantha 
[Gopalan and Veeramani, (1994), McLean et al., (2000)] Alcaligenes eutrophus 
Vaneechoutte et al., (2004) A number of bacterias Bacillus spp., Shewanella alga BrY-MT 
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and a few unidentified strains have also been shown to reduce Cr 6
+ 
[Shen and Wang, (1994), 
Wang and Xiao, (1995); Shakoori et al., (2000); Guha et al., (2001); Camargo et al., (2003)]. 
 
2.4.3. Mechanism of biodegradation 
 
 Most of the efficient phenol degrading microorganisms are capable of using phenol as 
the sole source of carbon and energy for their cell growth and metabolism. 
 Microorganisms capable of degrading Phenol through the action of variety of 
enzymes. 
 Phenol is first converted to catechol by the help of hydroxylase enzyme, the catechol 
is degraded via ortho or meta cleavage of central metabolism. 
 By which the enzyme present in the microorganisms i.e catechol 2, 3 dioxygenase that 
cut the ring at the meta position. 
 Another enzyme is also present in the microbes i.e catechol 1, 2 dioxygenase cut the 
benzene ring at the ortho position benzene ring.  
 The benzene ring is opened through meta oxidation. The catechol is converted to 
other intermediates trough ortho and meta cleavage. These intermediates are finally 
consumed by the microbes with the help of various enzymes through the TCA cycle 
resulting CO2, metabolites and energy. [Nair et al., (2008), Aggary et al., (2008), 
Basha et al., (2010)]. 
 E. coli utilizes the metabolites formed from phenol degradation as electron donors and 
energy for the reduction of Cr(VI). By this biological mechanism E. coli can directly 
transform the highly toxic Cr(VI) is to less toxic Cr(III) with the help of various 
membrane associated, NADH dependent soluble chromate reductase enzymes [Bae et 
al., (2000), Cheunga et al., (2007), Wang and Shen, (1993), Shen and Wang, (1994)]. 
                                                            
          P. putida 
          Phenol + Oxygen                             Energies + metabolites + Electrons 
                                              Oxidation   
              
                          E. coli 
             Cr
 6+ 
+
 
Electrons                                      Cr 
3+ 
                                              Reduction 
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Different process variables like pH, temperature, inoculums volume, media 
composition etc and their influence on phenol degradation was reported by different authors. 
Maximum concentration of phenol degradation by different authors using different 
microorganism was also studied. 
 
 Media composition along with selection of best carbon and nitrogen source is a very 
important parameter to be studied various researchers. They have studied the degradation 
efficiency under different carbon and nitrogen sources. Ramakrishna and Philip, (2005) and 
Das and Mishra, (2010) suggest the effect of different electron donors on Cr(VI) reduction 
using Ganoderm lucidum and Brevibacterium casei respectively. Among several electron 
donors and nitrogen sources screened they concluded dextrose was the optimum electron 
donor and peptone showed maximum Cr(VI) reduction. Similarly maximum degradation of 
Cr(VI) evidenced in the  presence of dextrose by Bae et al., (2000) by using E. Coli ATCC 
33456. Also Kotresha and Vidyasagar, (2008) achieved 100% phenol degradation using P. 
aeruginosa MTCC 4996 with peptone and dextrose as nitrogen and carbon source 
respectively. But Suhaila et al., (2010) achieved maximum phenol degradation by using 
Rhodococcus UKM-P in the presence of ammonium sulphate. From the media optimization 
study it is concluded that different carbon and nitrogen sources are required for the 
degradation of various pollutants by different microorganisms. 
 
Phenol degradation under different pH range was studied by various authors. Khazi et 
al., (2007) have studied the phenol degradation at different initial range of pH values like 4, 
5, 6, 7 and 8. From the result it was found that the initial pH greatly influences the growth 
and degradation rate. Among the various pH values, the pH 7 was found to produce more 
amounts of cell mass and evidenced better degradation of phenol. Similarly Veenagayathri 
and Vasudevan, (2010) have examined the effect of pH on 100 mg/L phenol degradation by 
the bacterial consortium under different pH like (5.5, 6, 6.5, 7, 7.5, 8 and 8.5). The maximum 
phenol degradation efficiency of 99 % was achieved at pH 7. Maximum adsorption and 
degradation capacity of Pseudomonas pictorium (ATCC 23328) was investigated by 
Annadurai et al., (2007) by immobilizing with chitin under various range of pH (7 to 9) and 
maximum result was obtained at pH 7.0. But maximum degradation of phenol at optimum 
process condition of pH at 7.5 was reported by Suhaila et al in 2010 using Rhodococcus 
UKM-P, in shake flask culture. Similarly Arutchelvan et al., (2006) have reported maximum 
phenol degradation using Bacillus brevis at pH 8.0. Bae et al., (2000) have evaluated the 
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optimum Cr(VI) reduction by E. coli ATCC 33456 within a pH range of (3-8) and the 
optimum pH  reported was 7. Similarly Cr(VI) reduction in E. coli ATCC 33456 was 
evaluated within a pH range of (3–8) by Shen and Wang, (1994) and the result showed 
maximum  initial specific rate of Cr(VI) reduction at pH 7. Also they have reported that 
effect of pH on Cr(VI) reduction were similar for both aerobic and anaerobic cultures. Das 
and Mishra, (2010) used Brevibacterium casei for degradation of chromium.They observed 
the reduction of Cr(VI) using wide range of pH ranging from pH 4 to pH 9 and the maximum 
degradation was reported at pH 7. The above studies conformed that pH has a significant 
influence on phenol as well as chromium degradation. 
 
Similarly temperature also has a great influence on the degradation of phenol and 
chromium. Many researchers have tried to investigate the effect of temperature on the rate of 
degradation. Hank et al., (2010) examined the effect of temperature on the degradation of 
phenol by Pseudomonas aeruginosa at 30°C and 40°C and concluded optimum temperature 
at 30°C. Similarly Khazi et al., (2007) also reported the complete degradation of phenol at 
30
0
C. Bandyopadhyay et al., (1998) studied the kinetics of phenol degradation using P. 
putida MTCC 1194 in the presence of different temperature variables. The optimum 
temperature required for maximum phenol biodegradation was found at 30°C. But Zeng et 
al., (2010) used two newly isolated high phenol-degrading strains of bacteria Micrococcus sp. 
and Alcaligenes faecalis JH 1013, and the optimal conditions for phenol degradation were 
reported at temperature 32
0
C. Similarly Bajaj et al., (2009) reported maximum phenol 
degradation at 25
0
C by mixed bacterial consortium. Arutchelvan et al., in (2006) have 
reported that using Bacillus brevis maximum phenol degradation at 34
0
C was achieved. Bae 
et al., (2000) studied Cr(VI) reduction using E. coli ATCC 33456 in the temperature range of 
40
0
C to 60
0
C and found optimum value at 37°C. Temperature range of 10
0
C to 45
0
C was 
studied by Shen and Wang, (1994) and the temperature of 36
0
C was found to be optimum. 
Thus results suggested that temperature has a great influence on both phenol and chromium 
degradation. The temperature is a very important factor effecting the degradation as it is a 
enzymatic process where the enzymes present in the microorganisms show maximum 
functionality at a certain temperature. 
Phenol and chromium degradation were also examined at different age and volume of 
inoculums by various researchers. Khazi et al., (2007) reported that the most suitable 
inoculums age for highest phenol degradation by P. putida MTCC1194 was 12 hours at 5% 
of inoculum volume. Bae et al., (2000) have also demonstrated that 12 hours old and 5% 
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inoculums volume were optimum for Cr(VI) degradation in E. coli ATCC 33456. The 
various amounts of inocula like 0.5%, 1%, 2%, 3%, and 5% (v/v) were used in experiments 
on Cr(VI) reduction and phenol degradation by Song et al., (2009)  and optimum degradation 
was reported at an inoculation volume of 5%. This shows the inoculums age and volume are 
the important factors affecting phenol degradation and chromium reduction. It is established 
that microorganisms subjected to degradation should be in its active phase. If it is in the death 
phase it will show a longer lag phase resulting increase in time taken for degradation and also 
the degradation efficiency will be greatly reduced.  
 
2.5. Degradation of Phenol and Chromium(VI) using individual species 
 
Various researchers have studied the individual and simultaneous phenol and chromium 
reduction at their optimum process parameters. Khazi et al., (2007) reported 750 ppm phenol 
degradation in 60 hours using P. putida MTCC1194 under optimum conditions like 
temperature 30
0
C, pH 7, inoculum volume 5%, 12 hour grown culture. Similarly 
Bandyopadhyay et al., (2000) reported 1000 ppm of phenol degradation using P. putida 
MTCC1194 under optimum conditions like temperature 30
0
C, pH 7, inoculum volume 7%, 
12 hour grown culture. Arutchelvan et al., (2006) reported maximum 1750 ppm of phenol in 
144 hours at optimum process condition of pH 8.0, temperature 34±0.1
0
C and 5% of 
inoculums volume. Kotresha and Vidyasagar, (2008) reported degradation of maximum 1300 
mg/l phenol degradation in 156 hours by Pseudomonas putida at optimum temperature of 
37
0
C and pH 7. Similarly Annadurai et al., (2002), reported that the optimum growth 
conditions for complete degradation of phenol using P. putida (ATCC31800) was reported at 
pH 7.0, temperature 30
0
C in presence of glucose and yeast extract as carbon and nitrogen 
source respectively. Kumar et al., (2005) also reported the maximum degradation of 1000 
ppm phenol in 162 hours using P. putida MTCC 1194 under the optimum process variables 
of pH 7.1 and temperature at 30
0
C. Bae et al., (2000) obtained maximum 100% to 84% 
Cr(VI) degradation for the range of (10 to 40) ppm concentration in the influent using E. coli 
ATCC 33456. Similarly Shen and Wang, (1994) also observed the maximum of 30 mg/l 
Cr(VI) degradation in 45 hours at optimum condition of pH 7, temperature 36
0
C, and glucose 
as a electron donor. Under optimum process conditions of pH 7, temperature 30
0
C, inoculums 
volume 1.5%, dextrose and peptone as carbon and nitrogen source respectively reported 
maximum degradation of 50 ppm Cr(VI)  in 12 hours by using Brevibacterium casei [Das 
and Mishra, (2009)].  
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2.6. Simultaneous phenol and Cr(VI) degradation using mixed microorganisms 
 
There have been a number of literatures available for individual degradation of phenol and 
chromium, however very few researchers have initiated research work for simultaneous 
phenol and chromium degradation using mixed culture of different phenol degrading and 
chromium reducing microorganisms. This is a cost effective, eco-friendly and time shaving 
approach towards the complete removal of more than one pollutants present in the waste 
water. Cost effective in the sense one time media utilization gives rise to degradation of both 
the pollutants at a time. It is an eco-friendly approach like the use of single microorganism 
can produce toxic intermediates by the degradation of the pollutants. By the use of mixed 
culture of microorganisms this problem can also be overcome like the metabolites produced 
from the degradation of one pollutant by a particular organism can be used by the another 
microorganism as energy sources for the removal of another pollutant. It is time shaving 
method because in the same time both the pollutants could be removed from the waste water. 
In the simultaneous phenol degradation and chromium reduction study the phenol degrading 
organism degrades the phenol while producing electron donors, matabolites and energy 
which was used by the chromium reducing organisms who accepts the electrons being 
produced by the phenol degradation and use them to reduce the hexavalent chromium to less 
toxic trivalent chromium. A few researchers have investigated the simultaneous phenol and 
chromium reduction under optimum process variables. Yun-guo et al., (2008) studied the 
simultaneous removal of Cr(VI) and phenol in a coculture containing chromium reducer, 
Bacillus sp. and phenol degrader, Pseudomonas putida Migula CCTCC AB92019. In the 
above study phenol was used as the sole carbon source. The Bacillus sp. utilized metabolites 
formed from phenol degradation as electron donors and energy source for reduction of 
Cr(VI). Optimum Cr(VI) at an initial concentration of 15 mg/L was observed when the 
phenol concentration was 150 mg/L in 60 hours under optimum process parameter of pH 7 
and temperature of 30
0
C. Their study revealed that the toxicity of Cr(VI) had a inhibiting 
effects on phenol degradation, whereas phenol enhanced Cr(VI) reduction under the optimum 
level. Similar study carried out by Wang and Chirwa et al, (1998) studied the simultaneous 
removal of the two pollutants by using a phenol degrading organism Pseudomonas putida  
DMP-1 and a Cr(VI) reducing strain Escherichia coli ATCC 33456, with phenol as the sole 
added carbon and energy source. From the study it was assumed that metabolites formed 
from phenol degradation were used by E. coli for Cr(VI) reduction. Nkhalambayausi-Chirwa 
and Wang, (2001) also examined the similar work and observed the optimum Cr(VI) 
15 
 
reduction was at a phenol concentration of 200mg L
−1
 and an initial Cr(VI) concentration of 
2mg L
−1
, while complete phenol degradation was observed in cultures only under low initial 
Cr(VI) concentrations (≤10mgL−1). The result indicated complete Cr(VI) reduction and 
phenol degradation was observed at loadings of (5–21) mg Cr(VI) d−1 L−1 and (840–3350) 
mg phenol d
−1
L
−1
. The experimental results also indicated that metabolites formed from 
phenol degradation were utilized by E. coli as electron donors for reduction of Cr(VI). 
Similar finding were also demonstrated by Tziotzios et al., (2008), where the maximum of 
3.574 g L
−1
 d
−1
 of phenol degradation and 0.062 g L
−1
 d
−1
 of chromium reduction was 
attained under the optimum condition of temperature of 26 ± 1
0
C and pH range 7.3 to 7.5.  
Song et al., (2009) investigated the simultaneous Cr(VI) reduction and phenol degradation 
using the  pure culture of Pseudomonas aeruginosa CCTCC AB91095 where Phenol was 
used as carbon source. P. aeruginosa utilized metabolites formed during phenol degradation 
as energy source for Cr(VI) reduction. The inhibition effect for both Cr(VI) reduction and 
phenol degradation was observed when Cr(VI) concentration exceeded the optimum value 
(20 mg/L), and phenol concentration of 100 mg/L. Maximum degradation was observed in 72 
hours while the optimum experimental conditions like 5% (v/v) inoculum after incubation for 
12 hour, temperature 37
0
C and pH 7 were maintained throughout the study. 
 
2.7. Present study 
 
There has been few reports on use of indigenous microorganisms such as phenol degrading 
Psudomonas putida (MTCC 1194) and chromium reducing Escherichia coli (NCIM 5051) 
for the simultaneous removal of phenol and chromium from industrial waste water. In the 
present study the main aim is to remove both phenol and chromium present in the textile 
industry effluent collected from Rajahmundry, Andhra Pradesh using mixed culture of 
microorganisms so as to bring the organic and inorganic contaminants along with other heavy 
metals present in the industrial effluent to its permissible limits. The main mechanism behind 
the study is to degrade the phenol with the help of the phenol degrading microorganism P. 
putida that produce the metabolites, energy and electrons donors during phenol degradation 
which is utilized by the chromium reducing microorganism E. coli to reduce the toxic 
hexavalent chromium to less toxic trivalent chromium. 
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2.8. Scope of the study 
 
The present work primarily involves the study on biological degradation of phenol using 
bacterial strain of Pseudomonas putida (MTCC 1194) and chromium using Escherichia coli 
(NCIM 5051). The cultures of P. putida (MTCC 1194) and E. coli (NCIM 5051) were 
exposed to increasing concentrations of phenol and chromium respectively to acclimatize 
them to high concentrations of phenol and chromium respectively and to increase their 
potential of degradation. The different parameters in the degradation process like pH, 
Temperature, Carbon source, Nitrogen source and Inoculum volume were also optimized for 
individual organisms .These optimized  conditions were used for degradation of phenol and 
chromium using individual and mixed culture of microorganisms in shake flask and 
bioreactor study. The metabolites formation was clearly observed by studying the cells under 
100X microscope The optimized conditions obtained were also used to study the degradation 
of an industrial effluent and to bring down to its permissible limits. The elemental analysis of 
the untreated and treated effluent was also carried out by Energy Dispersive X-Ray 
Spectroscopy. The total chromium and other heavy metal content was analysed by using 
Atomic Absorption Spectroscopy. The structural changes of the microorganism before and 
after the degradation process were also studied with help of Scanning Electron Microscopy. 
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3. MATERIALS AND METHODS 
 
3.1. Effluent collection and analysis 
 
Industrial effluents were collected from a local textile industry situated in Rajahmundry, 
Andhra Pradesh, India. Then the sample was subjected for various analysis like BOD, COD, 
TOC, TDS, TSS. The physico-chemical parameters were estimated using standard methods. 
Characteristics and compositions of other heavy metals present in the textile industry effluent 
were studied. 
 
3.2. Chemicals 
 
Pure and analytical grade chemicals were used throughout the experiments including media 
preparation for growth. Peptone, yeast extract, beef extract and nutrient agar and nutrient 
broth were supplied by Merck chemicals, India. Chemicals used for analysis of Phenol and 
Chromium like Potassium dichromate and 1,5-Diphenylcarbazide, Phenol, 4-Amino anti 
pyrine, potassium ferricynide, Ammonia, Sulphuric acid, Acetone was procured from Merck, 
Chemical, India. The composition of the minimal salt media used for the study were Calcium 
chloride dihydrate, Di-Potassium hydrogen phosphate , Ferrus sulfate heptahydrate, 
Magnesium sulfate heptahydrate, Potassium dihydrogen phosphate, Sodium chloride, 
Ammonium sulphate. 
 
3.3. Glassware and apparatus 
 
All glass wares (Conical flasks, Measuring cylinders, Beakers, Petriplates and Test tubes, 
burette, pippetes etc.) are purchased from M/s SAN Medico Ltd (Rourkela, India) under the 
name Borosil. The instruments and apparatus used throughout the experiment are listed 
below in table 1. 
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Table 1: List of Instruments used during the whole experiment their make and function 
Equipment Make and Model Use 
Vertical Autoclave Tomy Sterilization 
Analytical Balance Sartorius Weight Measurement 
Laminar airflow Zhichen ( ZhJH-1109C) Aseptic Environment 
pH EuTech Instruments Measurement of pH 
Temperature controlled 
incubator shaker 
Reico Incubation and shaking of 
cultures 
Ultra Low Temperature 
freezer 
New Brunswick (U410) Preservation of cultures 
 
Ultra pure water system Milli Q Preparation of solutions and 
stocks. 
Spectrophotometer(UV/Vis) Shimadzu UV-160A Estimation studies 
Centrifuge REMI Collection of pellet 
Colony counter Systronics Cell count 
Biofermenter New Brunswick(BIO FLO 
410) 
Batch degradation study 
TOC analyzer Shimadzu Estimation of Total organic 
carbon 
SEM-EDX JEOL JSM-6330F, Japan Elemental analysis of sample 
Low Temperature freezer LG Preservation of cultures 
AAS Perkin-Elmer Estimation of metal  
 
3.4. Microorganism 
 
The strains of Pseudomonas putida MTCC(1194) and Escherichia coli NCIM(5051) were  
obtained from MTCC Chandigarh and NCIM Pune respectively.in the form of slant and was 
subcultured from time to time for its mentainance. The microorganisms were maintained on 
the medium containing: Beef extract 1.0 g/L, Yeast extract 2.0 g/L, Peptone 5.0 g/L, NaCl 5.0 
g/L and Agar 15.0 g/L at pH 7. The medium was autoclaved at 121
0
C and 15 lb pressure for 
15 min. The media was then poured in the Petri-plates and allowed the agar to solidify. A 
loop full of microbial colonies were taken from the master slant and inoculated in the Petri 
plates. The Petri plates were then kept in the incubator. The growth of the bacterial colonies 
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was observed after 24 hr of incubation at 30
0
C. Then the slants were stored at 4°c till further 
use. 
 
3.5. Inoculum preparation 
 
The experimental studies were carried out in the shake flask as lab scale and in fixed bed 
bioreactor at large scale under pertinent process variables. The different salts for minimal salt 
media dissolved in 1000 mL of distilled water. Glucose and peptone were used as primary 
carbon and nitrogen sources. For degradation study different concentrations of phenol was 
added as a carbon source and Potassium dichromate (K2Cr2O7) was used as the Cr(VI) 
source. 
 
3.6. Study in shake flask 
 
Degradation capacity of microorganisms was checked individually. i.e phenol degradation 
capacity of Pseudomonas putida (MTCC 1194) and chromium using Escherichia coli (NCIM 
5051). Phenol degradation was studied at different higher concentrations of phenol ranging 
from (10 – 1000) ppm by Pseudomonas putida. And also Cr(VI) degradation was studied at 
different concentrations of Cr(VI)  ranging from (5-40) ppm by Escherichia coli.  
Optimizing carbon source and nitrogen source was studied for both the microorganisms. 
Optimization of process parameters such as pH, temperature and innoculum volume and age 
of inoculum were also determined for both the microorganisms. 
Simultaneous phenol degradation and Cr(VI) reduction was investigated in the coculture of 
Pseudomonas putida and  Escherichia coli. 
The experimental studies were carried out in the shake flask as batch reactor under pertinent 
process variables. 100 mL of batch volume was taken along with different concentration of 
phenol in each of the experiment in which 5% of overnight cultured cells were inoculated and 
kept in temperature controlled orbital shaker at 30°C in 130 rpm at pH 7 for different time 
intervals.  
The 5% microorganisms were taken from an overnight acclimatized culture were transferred 
to the liquid media containing different concentrations of phenol and chromium for individual 
degradation study and for both phenol and Cr(VI) degradation using mixed culture of 
microorganisms. This Acclimatization was done for both of the microorganisms to 
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acclimatize the individual microbes to phenol and Cr(VI). In the phenol acclimatization 
procedure very less amount of glucose with phenol was added to the media for the initial 
growth of P. putida. So P. putida started consuming phenol as the sole source of carbon as 
soon as the glucose was depleted, by this method microbes were made more adaptable to 
phenol. Also for Cr(VI) acclimatization procedure the E. coli was acclimatized to the 
different concentrations of Cr(VI) to make it more adaptable to efficient utilization of Cr(VI). 
Phenol-degrading and chromium reducing bacteria are required to be adapted to the phenol 
and chromium environment. During acclimatization process certain enzymes in the bacteria 
are induced so that they are available for taking part in the metabolism reaction. This is much 
more important when dealing with toxic compounds such as phenol and chromium at high 
concentrations. 
 
The degradation rate is dependent on the nutrients in which the glucose played a major role. 
It is used by the phenol degrading microorganism for their initial growth and slowly they 
started consuming phenol. For mixed culture degradation study phenol is used as a sole 
source of carbon, energy, metabolites and electron donor for chromium reduction by 
Chromium reducing organism. The added minerals also influenced the growth of organism 
and enhanced the degradation. 
 
The biomass concentration was observed in a spectrophotometer by using O.D at 600nm. The 
rpm and temperature were maintained at 130 rpm and 30°C respectively for each set of 
experiments. The degradation was observed at regular interval of time for both phenol and 
Cr(VI) degradation and each time the pH was adjusted to 7 for optimum growth of the 
microorganisms and also for better degradation. The degradation of phenol was studied at 
510 nm in a spectrophotometer by knowing the phenol concentration using 4-Amino 
Antipyrine method at different lengths of time viz. (6,12,18,24,30,36,48,60,66,72,78) hours. 
The degradation of Cr(VI) was studied at 540 nm in a spectrophotometer by knowing the 
Cr(VI) concentration using Diphenyl carbazide assay at different lengths of time viz. 
(3,6,9,12,15,18,21,24,27,30,33,36,39,42,45,48) hours. Each concentrations of phenol and 
Cr(VI) level for both of the microbes were repeated twice or thrice to get the best result. Data 
for the phenol degradation were obtained at regular 6 hour interval of time and the data for 
the Cr(VI) degradation were obtained at regular 3 hour interval of time. And pH was adjusted 
to 7 at regular interval of time. Also the data for biomass concentration in terms of OD were 
obtained at regular 3 hour interval of time. Both phenol and Cr(VI) degradation was done by 
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taking different initial concentrations of both the pollutants to study the inhibition effect of 
both the pollutants on each other. 
 
3.7. Study in bioreactor 
 
Large scale simultaneous degradation of phenol and reduction of Cr(VI) using mixed culture 
of microorganisms was carried out in a bioreactor. Degradation of aqueous solution of phenol 
with chromium and textile industry effluent was performed at its optimum conditions in a 
bioreactor (New Brunswick, BIO FLOW 410) using the microbial strains of phenol 
degrading bacteria Pseudomonas putida (MTCC 1194) and chromium reducing bacteria 
Escherichia coli (NCIM 5051). The bioreactor is having 3 liters working volume with auto 
sterilization option and all process parameters in the bioreactor like temperature, pH, DO and 
addition of anti foam was controlled automatically. The optimum conditions like pH 7, 
temperature 30
0
C, agitation 200 rpm, DO 100 ppm were automatically maintained throughout 
the study in the bioreactor into which 12 hour old 5% inoculum volume were added. 
Sampling was done regular interval of time to study the degradation kinetics of both phenol 
and chromium and the biomass formation. The results of the treatment of textile industry 
waste water indicates that all water parameters including the concentration of phenol and 
chromium along with other heavy metals is reduced and brought to their permissible limits.  
 
3.8. Media optimization 
 
The Biomass growth studies along with maximum phenol and chromium degradation were 
carried out using various organic and inorganic nitrogen sources (Ammonium chloride, Yeast 
extract and Peptone) and various carbon sources (Dextrose, Starch soluble and Sucrose). For 
the study 100 ppm phenol and 10 ppm Cr(VI) was used. The optimized parameters are further 
considered for degradation of both phenol and chromium in shake flask and bioreactor also 
for both aqueous and industrial effluent. 
 
3.9. pH optimization study 
 
The effect of pH on chromium reduction and phenol degradation was also studied by taking 
three pH variables i.e pH 6, 7 and 8. The respective pH was adjusted with 1N NaOH and 1N 
HCl. 
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3.10. Temperature optimization study  
 
The effect of temperature on phenol degradation was also studied under three temperature 
variables i.e 25
0
C, 30
0
C and 35
0
C. The study was carried out in the temperature controlled 
shaking incubator. 
 
3.11. Optimization of inoculum volume 
 
The effect of inoculum volume on chromium reduction and phenol degradation was also 
studied by taking four volume of inoculum variables i.e 1%, 3%, 5% and 7%. 
 
3.12. Analysis under 100X microscope 
 
Changes in the cells of mixed culture of microorganisms occurred before and after 
degradation and the formation of metabolites were observed under 100X microscope.  
 
3.13. SEM, EDX and AAS analysis 
 
Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy analysis (SEM-EDX) 
is evaluated to understand the cell morphology, elemental composition of both the untreated 
and treated industrial effluent. The SEM-EDX analyses were carried out with the help of a 
computer controlled field emission SEM equipped with EDX detection system. Detailed 
examination by SEM helped us to detect the morphological and topological changes that 
occurred in the microbial cells before and after degradation. Similarly the industrial effluent 
was also examined using EDX for the conformation of the presence of pollutants and the 
heavy metals before and after treatment. Also the amount of other heavy metals presence in 
the textile effluent before and after treatment were analysed with the help of Atomic 
Absorption Spectroscopy. 
 
3.14. Total chromium analysis 
 
Total chromium present in the media was estimated by the Atomic Absorption Spectroscopy 
(AAS). The Atomic Absorption Spectroscopy reading showed the amount of Cr(VI) reduces 
gradually to Cr(III) and the chromium which is completely degraded. 
23 
 
3.15. Phenol estimation by 4-Amino Antipyrine method 
 
 The phenol concentration in the sample was determined using the 4-Amino 
Antipyrine method. The reaction mixture containing 0.9mL distilled water, 0.1mL  
sample, 50μL of 2N Ammonium hydroxide, 25μL of 2% 4-Amino Antipyrine and 8% 
K3Fe(CN)6 was added after mixing at each step. Then it was centrifuged at 14,000 
rpm for 2 minutes. Then the supernatant is collected and read the absorbance in 
spectrophotometer at 510 nm against reference that except phenolic material. 
 
 In this method phenolic material reacts with 4-Amino Antipyrine in the presence of 
K3 Fe(CN)6 at a pH of 10 to produce a purple-red coloured end product whose 
absorbance is to be checked in the spectrophotometer at 510 nm. 
 
3.16. Diphenyl carbazide assay for Cr(VI) reduction  
 
 Transfer 9.5 mL of the extract to be tested to a 10 mL volumetric flask. Add 200μL 
Diphenylcarbazide solution and mix. Add H2SO4 solution to give a pH of 2 +/- 0.5, 
dilute to 10 mL with reagent water, and let it stand for 5 to 10 min for full color 
development. Transfer an appropriate portion of the solution to a 1cm absorption cell 
and measure its absorbance at 540 nm. Use reagent water as a reference.  
 In this method the hexavalent chromium reacts with the 1-5, Diphenylcarbazide at a 
pH 2 +/- 0.5 to form a red-violet coloured end product whose absorbance is checked 
in the spectrophotometer at 540 nm by comparing with standards which are expressed 
in ppm [Method 7196A]. 
 
 
 
 
 
 
 
 
 
24 
 
3.17. Calibration plot for phenol and chromium 
 
Calibration plot was drawn by taking the known phenol and chromium concentrations and 
their absorbance. Absorbances of different known phenol and chromium concentrations (1, 2, 
3, 4 and 5) ppm were studied by spectrophotometer at 510nm and 540 nm respectively using 
the procedure mentioned earlier. After plotting absorbance vs concentration a linear graph 
was obtained. 
 
 
Fig. 1: Calibration plot for phenol 
 
 
Fig. 2: Calibration plot for Cr(VI) 
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The R
2
 values suggested that the plots above are accurate (fig.1 and fig.2). The concentration 
of unknown phenol sample can be obtained by measuring its absorbance at 510nm. Similarly 
the concentration of unknown chromium sample can be obtained by measuring its absorbance 
at 540nm. The corresponding concentration value from the above plot will estimate actual 
concentration of the unknown sample. 
 
3.18. Biomass study  
 
1 ml culture was taken in a 1.5 ml centrifuge tube and allowed to centrifuge at 10,000 rpm for 
5 minutes. The supernatant is discarded and the pellet is washed by taking 1 ml distilled 
water. The pellets were washed with distilled water several times and the optical density of 
bacterial cell suspension was determined by turbid metric measurement in a 
spectrophotometer at 600 nm by taking distilled water as blank. 
 
3.19. Resistant to other heavy metals 
 
Maximum tolerance level of other metals by the mixed culture of microorganisms present in 
the medium along with phenol and chromium were examined. Mixed culture of the 
organisms were allowed to grow on agar plate containing heavy metals  Zn, Cu, Ni each 
present at a concentration of 10mg/L. Number of colonies were counted after incubation of 
48 hrs with both the microorganisms.  
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4. RESULT AND DISCUSSION  
 
4.1. Physico-chemical characteristic of industrial effluent  
 
The industrial effluent was collected from the local textile industry and the physico-chemical 
parameters were estimated using standard methods. The physicochemical parameters of the 
Industrial Effluent estimated are shown in Table 2. The effluent had a reddish brown colour. 
The pH of the effluent were measured using an ion specific pH electrode and were found to 
be in the range of (7.9-8.2). This indicated that the effluent from the textile industry is 
slightly alkaline in nature. High degree of contaminants in the water generally induces 
unfavourable physiological reactions in its consumers. Thus Analysis of the solids is 
important parameter in the biological wastewater treatment process. The Total Dissolved 
solids (TDS) and Total suspended solids (TSS) in the effluent were measured and found to be 
in the range of (2580-2670) ppm and (280-3300) ppm respectively. Similar results reported 
by other researchers [Badani et al., (2005); Eswaramoorthi et al., (2007); Hai et al., (2003)] 
treatment of textile industry effluent. Other important parameters like COD and BOD were 
also estimated. The COD of water is generally 2 to 3 times than that of BOD (Greg and 
Sewer). Similarly in our study the COD and BOD were found to be in the range of (410-480) 
mgL
-1 
and (1120-1170) mgL
-1 
respectively. The effluent was also subjected to atomic 
absorption spectroscopy to analyse the exact amount of the pollutants present. In this study 
amount of copper varied from (6–8) mgL-1, Zinc (9-11) mgL-1 and Nickel in the range of (5-
8) mgL
-1 
respectively. The analysis of two major pollutants like phenol and chromium were 
done using 4-Amino Antipyrine assay and 1-5 Diphenyl carbazide assay and were found to 
be in the range of (240-250) ppm and (3-5) ppm respectively. 
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Table 2: Physiochemical Characterization of Textile industry Effluent collected from                   
Rajahmundry, AP, India. 
 
 Parameters Effluent (Untreated) 
Colour Reddish Brown 
pH 7.9- 8.2 
BOD (mg/l) 410-480 
COD (mg/l) 1120 -1170 
TOC (mg/l) 207 
TDS (mg/l) 2580-2670 
TSS (mg/l) 280-330 
PHENOL (mg/l) 250 
Cr(VI) (mg/l) 5 
TOTAL Cr (mg/l) 5 
Zn (mg/l) 9-11 
Cu (mg/l) 6-8 
Ni (mg/l) 5-8 
 
Chemical analysis of a typical textile industry wastewater indicated that it contained other 
major contaminants, including sulphates and heavy metal ions such as iron, aluminium and 
zinc, copper, nickel, chromium and organic pollutants like phenol. Similar pollutants were 
reported by researchers [El-Naas et al., (2009); Nosheen et al., (2000); Ali et al., (2009)]. 
 
4.2. EDX analysis of the textile industry effluent 
 
Energy dispersive X-ray spectroscopy (EDX) is evaluated to understand the elemental 
composition of the textile industry effluent. The graph obtained from the analysis of the 
effluent with EDX shows the presence of various pollutants like Cr, Zn, Ni and Cu. Our 
result conforms to the finding of other researchers [Srivastava and Thakur, (2007); Francisco 
et al., (2010); Li et al., (2008); Das and Mishra, (2009)].  
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Fig. 3: EDX of untreated textile industry effluent 
 
4.3. Microorganism 
 
The strains of Pseudomonas putida MTCC(1194) and Escherichia coli NCIM(5051) were  
obtained from MTCC Chandigarh and NCIM Pune respectively in the form of slant and was 
sub cultured from time to time for its maintenance. The Petri plates were maintained in a 
incubator at 30
0
C and the slants were stored at 4°C till further use. 
 
 
Fig.  4: Image of P. putida on agar plate        Fig . 5 : Image of  E .coli on agar plate              Fig 6. : Mixed culture of P. putida and E. coli                  
 on agar plate               
4.4. Media optimization study 
 
The Biomass growth studies along with maximum Phenol and Chromium degradation were 
carried out using various organic and inorganic nitrogen sources (Ammonium chloride, Yeast 
extract and Peptone), various carbon sources (Dextrose, Starch soluble and Sucrose) and  a 
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initial Phenol and Chromium levels of 100 ppm phenol and 10 ppm respectively. Maximum 
degradation of phenol and chromium along with optimum growth of biomass of both the 
organisms were monitored under various media components. The biomass obtained by both 
in the presence of organic nitrogen sources was found to be greater than the inorganic 
nitrogen sources. The highest biomass productivity along with better degradation of phenol 
by P. putida and Cr(VI) reduction by E. coli was obtained when peptone was used as a 
nitrogen source in the media followed by Yeast extract, and Ammonium chloride (Fig. 7 and 
Fig. 9). The highest biomass productivity along with maximum phenol and Cr(VI) 
degradation was obtained by both the strains when Dextrose was used as a carbon source in 
the media (Fig. 8 and Fig. 10). It is inferred that Dextrose being monosaccharide was easily 
degraded by the organisms. In a Similar study by Bae et al., (2000) and Shen and Wang, 
(1994) the maximum reduction of Cr(VI) to a less toxic trivalent chromium by E. Coli ATCC 
33456 also evidenced in the  presence of dextrose. Thus during the media optimization study 
E. coli completely degraded 10 ppm of Cr(VI) in (12-15) hours with a high biomass O.D of 
3.03 with peptone as  nitrogen source and a biomass O.D of 2.88 with dextrose as a carbon 
source in 24 hours as shown in (Fig. 7and Fig. 8). 
 
 
Fig. 7: Biomass growth of E. coli at various nitrogen sources with 10 ppm Cr(VI) 
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Fig. 8: Biomass growth of E. coli at various carbon sources with 10 ppm Cr(VI) 
 
Other studies reported by Ramakrishna and Philip, (2005) and Das and Mishra, (2009) 
suggest the effect of different electron donors on Cr(VI) reduction using Ganoderm lucidum 
and Brevibacterium casei respectively. Among several electron donors and nitrogen sources 
screened, dextrose was the optimum electron donor and peptone showed maximum Cr(VI) 
reduction followed by yeast extract and inorganic nitrogen sources. 
 
Similarly Khazi et al., (2007), reported that glucose played a major role in phenol degradation 
and was used by the P. putida MTCC 1194 initially as simple source of carbon for its mass 
multiplication and growth. The microbes then slowly started consuming phenol as a carbon 
source for their growth. Kotresha and Vidyasagar, (2008) achieved 100% phenol degradation 
using P. aeruginosa MTCC 4996 with peptone and dextrose as nitrogen and carbon source 
respectively. During the media optimization study P. putida completely degraded 100 ppm 
phenol in (12–15) hours with a high biomass O.D of 2.68 when peptone was used as a 
nitrogen source and a biomass O.D of 2.56 with dextrose as a carbon source in 24 hours as 
shown in (Fig. 9 and Fig. 10). 
. 
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Fig. 9: Biomass growth of P. putida at various nitrogen sources with 100 ppm phenol 
 
 
Fig. 10: Biomass growth of P. putida at various carbon sources with 100 ppm phenol 
 
Our results were contradictory to Annadurai et al., (2002) who reported microbiological 
degradation of phenol using mixed liquors of Pseudomonas putida and activated sludge and 
ammonium sulphate as the source of nitrogen. Similarly Suhaila et al., (2010) reported 
efficient degradation of phenol and growth of Rhodococcus UKM-P using Ammonium 
sulphate as the nitrogen source. These observations suggest that optimum degradation 
characteristics of each organism are influenced by different nitrogen and carbon source.  
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4.5. pH optimization study 
 
4.5.1. Effect of pH on Chromium reduction  
 
Fig. 11.a shows the effect of pH on Chromium reduction by E. coli. The study was carried for 
the reduction of 15 ppm chromium at varying pH 6, 7 and 8. Freshly prepared overnight 
culture of E. coli was inoculated with 15 mg/L of Cr(VI) and maintained at a incubation 
temperature of 30
0
C and at a shaking speed of 130 rpm. pH was maintained throughout the 
experiment using 1N NaOH and 1N HCl. 
 
  
                                       Figure 11.a                                                                                      Figure 21.b 
Fig. 11.a: Effect of pH on Cr(VI) degradation by E. coli at Cr(VI) concentration of 15 ppm 
Fig. 11.b: Effect of pH on biomass growth of E. coli at Cr(VI) concentration of 15 ppm 
 
From the results shown in Fig. 11(a&b), pH was found to greatly influence the biomass 
growth as well as Cr(VI) degradation. Under extreme pH conditions (6 and 8) the bacterial 
growth was found to be reduced and also the rate of Cr(VI) reduction decreased. pH 7 on the 
other hand not only gives a high biomass growth of E. coli but also higher degradation of 
chromium. Thus at an optimum pH of 7, E. coli efficiently degraded 100% Cr(VI) in a short 
period of (20-22) hours as compared to pH 6 and 8 where prolonged degradation was 
observed. Though Cr(VI) reduction is an enzymatic process variation in pH will affect the 
enzyme activity [Farrell and Ranallo, (2000)]. Similarly Bae et al., (2000) and Shen and 
Wang, (1994) evaluated the optimum pH for Cr(VI) reduction by E. coli ATCC 33456  
within a pH range of (3-8) reported that the optimum pH  for better chromium reduction  was 
7.0. Das and Mishra, (2009) studied the degradation of chromium within a pH range of (4-9) 
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and optimum result reported at pH 7 using Brevibacterium casei. Poornima et al., (2010) also 
reported maximum chromium reduction at pH 7.  
 
4.5.2. Effect of pH on phenol degradation 
 
Fig. 12.a shows the effect of pH on phenol degradation by the bacterial strain P. putida. The 
study of phenol degradation by P. Putida at 500 ppm initial concentration was carried out at 
varying pH 6, 7 and 8. Freshly prepared overnight acclimatized culture of P. Putida were 
inoculated with 500ppm of phenol and maintained at an incubation temperature of 30
0
C and 
130 rpm of shaking. pH was maintained throughout the experiment using 1N NaOH and 1N 
HCl. 
 
  
                      Figure 32.a                                                                                           Figure 42.b 
Fig. 12.a: Effect of pH on phenol degradation by P. putida at phenol concentration of 500 ppm 
Fig. 12.b: Effect of pH on biomass growth of P. putida at phenol concentration of 500 ppm 
 
As shown in Fig. 12(a&b) above phenol degradation was highly influenced by the variation 
in pH. At an optimum pH of 7 P. putida was able to degrade 500 ppm of phenol in less time 
i.e (34-36) hours as compared to pH 6 and 8 which took (52-54) hours and (64-66) hours 
respectively. In a similar work by khazi et al in 2007, different ranges of pH (4, 5, 6, 7 and 8) 
were chosen for the study and it was found that initial pH had a great influence on the growth 
and degradation rate. Among the various pH values, pH 7 was found to produce more 
amounts of cell mass and resulted in better degradation of phenol. Bandyopadhyay et al., 
(1998) studied the kinetics of phenol degradation by P. putida MTCC 1194 and found that at 
pH value of 7 the degradation was optimum. Similar results were reported by Agarry et al., 
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(2009) in which maximum phenol degradation was observed using indigenous Pseudomonas 
fluorescence. In a similar study Zeng et al., (2010) reported two new isolate of high phenol-
degrading strains, Micrococcus sp. and Alcaligenes faecalis JH 1013, gave highest 
degradation and growth at pH 7.0. Similarly, Veenagayathri and Vasudevan, (2010) studied 
the degradation of 100 mg/L phenol under the effect of different pH ranging from (5.5 to 8.5) 
by the bacterial consortium. They reported maximum phenol degradation with 99% 
efficiency at pH 7. They also observed degradation of (5%, 9%, 24%, 42%, 74%) at different 
pH (5.5, 6, 6.5, 8.5 and 8) respectively. 
 
4.6. Temperature optimization study  
 
The incubation temperature greatly influences the metabolic activity of the microbe and the 
degradation of Cr(VI) or phenol.  The effect of temperature on phenol and chromium 
degradation was studied at a temperature range of 25
0
C to 35
0
C. Effect of temperature on 
phenol and chromium reduction using overnight grown cultures was studied at pH 7, initial 
phenol and chromium concentration of 500 ppm and 15 ppm respectively. 
 
 
Fig. 13: Effect of temperature on phenol degradation by P. putida at phenol concentration of 500 ppm 
 
As shown in fig. 13 at 30°C P. putida was able to degrade 500 ppm of phenol early in (34-36) 
hours as compared to 25°C and 35°C. At 25°C P. putida degraded 500 ppm of phenol in (46 
– 48) hours whereas the degradation was slowest at 35 °C where complete degradation was 
only achieved after 60 hrs of incubation time. The probable reason behind this might be the 
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increase in lag phase at higher temperature condition of 35°C. Similarly Hank et al., (2010) 
reported the effect of temperature on the degradation of phenol by Pseudomonas aeruginosa 
at 30°C and 40°C under similar operational conditions. Degradation was best at 30°C with a 
total degradation of phenol in 100 hours. At 40°C the time of the degradation was prolonged 
to 160 hours. From the literature it is evident that Cr(VI) degradation by E. coli is optimum at 
37°C. But in our study the degradation of both phenol and Cr(VI) in the presence of coculture 
of P. putida and E. coli is to be monitored. In our study efficient chromium reduction was 
observed at a temperature of 30°C by E. coli (NCIM 5051). The phenol degradation by P. 
putida is optimum only at 30°C beyond that temperature it didnot show better degradation. 
So it can only be possible to maintain the temperature condition at 30°C. Chakraborty et al., 
(2010) isolated phenol degrading bacteria from coke processing unit and obtained optimum 
phenol degradation at 30°C. Similarly Suhaila et al., (2010) studied the phenol degradation 
by using Rhodococcus UKM-P in shake flask culture under optimum process conditions. 
About 500 mg/L phenol was degraded after 21 hours of cultivation at an optimum 
temperature of 30
0
C. 
 
4.7. Optimization of inoculum age and volume  
 
4.7.1. Effect of inoculum age on phenol and Cr(VI) degradation  
 
Phenol degradation and chromium reduction in the shake flask culture were studied for 
different lengths of time like (6, 12, 18 and 24) hours, The cells of P. putida and E. coli were 
grown in a tertiary culture of mineral salt medium for different lengths of time from which 
inoculums were collected and tested for both phenol degradation and chromium reduction. 
The inoculum of 12 hours age demonstrated the highest rate of phenol degradation and 
chromium reduction for both the cultures. 
 
4.7.2. Effect of inoculums volume on phenol degradation and Cr(VI) reduction 
 
The volume of inoculums was found to have a great impact on the degradation of phenol and 
reduction of chromium as shown in fig. 14 and fig. 15 respectively. The effect of volume of 
inoculum was studied using different volumes (1%, 3%, 5% and 7%) of the 12 hours grown 
culture with 5 ppm and 250 ppm of Chromium and Phenol respectively. 
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From the experimental results it is evident that E. coli completely degrades 5 ppm of Cr(VI) 
in (10-12) hours when 5% inoculum volume was used as compared to 1% and 3%.Similarly 
in the case of phenol degradation it was found that P. putida takes around (18-21) hours to 
completely degrade 250 ppm of phenol when 5% inoculum volume was used. 1% and 3% 
volume inoculums on the other hand took longer time for complete degradation. Thus our 
result showed the most suitable inoculum age and volume for highest phenol degradation by 
P. putida as 12 hours and 5% inoculum. Our result also showed similarity with those of Bae 
et al., (2000) for Cr(VI) reduction, Bandyopadhyay et al., (1998) and Khazi et al., (2007) for 
phenol degradation. Similarly E. coli ATCC 33456 showed optimum chromium degradation 
when 5% inoculum volume of 12 hours old culture was used for the study [Bae et al., 
(2000)]. These may be explained by the fact that increase of inoculum concentration perhaps 
reduces the lag time and later becomes least at the inoculum concentration of 7% v/v. 
However inoculum volume 5% and 7% showed very little changes in degradation behaviour, 
hence 5% inoculum volume was selected for further study. 
 
 
Fig. 14: Effect of inoculum volume on Cr(VI) degradation by E. coli at Cr(VI) concentration of 5 ppm 
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Fig. 15: Effect of inoculum volume on degradation by P. putida at phenol concentration of 250 ppm 
 
4.8. Chromium degradation study using Escherichia coli 
 
 
Fig. 16: Degradation of different concentration of Cr(VI) by E. coli at optimum conditions:        
         temperature 30
0
C, pH 7, 12 hours old 5% inoculum volume, shaking at 130rpm. 
 
Individual Chromium degradation using the Escherichia coli at various Cr(VI) concentrations 
ranging from (5,10,15,20,25,30,40) ppm were checked at optimum conditions like 
temperature 30
0
C, pH 7, 5% inoculum volume, shaking at 130 rpm, with peptone and 
dextrose as nitrogen and carbon source respectively. In the case of optimum conditions 
required for Cr(VI) reduction in E. coli NCIM(5051) shows similar result as Bae et al., 
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(2000) done for Cr(VI) degradation by E. coli ATCC 33456. They have reported that better 
Cr(VI) reduction can be done at optimum conditions like temperature 30
0
C, pH 7, inoculum 
volume 5%, overnight grown culture and dextrose used as a electron donor. Under these 
optimum conditions E. coli was able to completely degrade maximum of 40 ppm of Cr(VI). 
Whereas Cr(VI) degradation by Bae et al., (2000) using E. coli ATCC 33456 shows 
maximum 89.9 % removal. From their study it was found that E. coli ATCC 33456 took 
around 18 hours to completely reduce 5ppm of Cr(VI) where as our culture E. coli NCIM 
(5051) efficiently remove 5 ppm of Cr(VI) in around 12 hours. From the above graph it was 
observed that the degradation kinetics increased with increasing initial Cr(VI) concentration 
that suggested that the time required for complete reduction of Cr(VI) at different 
concentration goes on increasing as the concentration of Cr(VI) goes on increasing. 5 ppm of 
Cr(VI) takes 12 hours for complete degradation where as 40 ppm of Cr(VI) takes (42–43)  
hours for its complete degradation. A extended lag phase is clearly observed at higher ppm 
levels like 30 ppm and 40 ppm of Cr(VI). The growth of microbial population reduces with 
increasing concentration of Cr(VI). Konopka et al., (1999) confirmed that the microbial 
biomass generation decreased as the concentration of heavy metal increased. According to 
Vasanthy, (2004) the growth or production of biomass increased with incubation period and 
reached the maximum at equilibrium time and then remained constant. He reported that 
Bacillus sp. was effective in Cr(VI) removal up to 83.4% at 10 ppm and 79.1% at 50 ppm 
concentration after 72 hours of incubation. Parameswari et al., (2009) reported that the time 
for removal of maximum metal (Cr and Ni) at initial metal concentration of 25 ppm by A. 
chroococcum, Bacillus sp. and P. fluorescens, respectively was found to be 72 hours. 
Megharaj et al., (2003) reported that using Arthrobacter sp. maximum 20mg/l Cr (VI) was 
degraded and 100% degradation was achieved in 45 hours. Also at 50mg/l Cr(VI), 60%  
degradation was achieved in 70 hours. Using Bacillus sp. maximum of 10mg/l Cr(VI) was 
completely degraded in 70 hours and 20mg/L Cr(VI) achieved 60% degradation after 70 
hours. 
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Fig. 17: Effect of initial concentrations of Cr(VI) on Biomass growth of E. coli  at optimum  
             conditions: temp 30
0
C, pH 7, 12 hrs old 5% inoculum volume, shaking at 130  rpm. 
 
Biomass growth of E. coli in the form of O.D at 600nm was taken under optimum 
conditions at different Cr(VI) concentrations in regular time intervals. It shows that 
higher Cr(VI) concentrations E. coli shows extended lag phase. And similar finding were 
observed by Bae et al., (2000) when E. coli ATCC 33456 was used for Cr(VI) 
degradation. Similarly Das and Mishra, (2010) studied Cr(VI) reduction using 
Brevibacterium casei and found  rapid growth phase of the bacterium up to 12 hours after 
which it remains stationary. In a study carried out by Poornima et al., (2010) using 
Pseudomonas putida; Pseudomonas plecoglossicida it was found that the microbe had a 
extended lag phage and was stationary after 12 hours. 
 
4.9. Phenol degradation study using Pseudomonas putida 
 
Effect of phenol degradation using the Pseudomonas putida at various phenol 
concentrations ranging from (10,50,100,250,500,750 and 1000) ppm were  also studied at 
optimum parameter conditions that is temperature 30
0
C, pH 7, 5% inoculum volume, 
shaking at 130 rpm, peptone and dextrose as nitrogen and carbon source respectively.  
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Fig. 18: Degradation of different concentration of phenol by P. putida at optimum process  
             conditions: temp 30
0
C, pH 7, 12 hours old 5% inoculum volume, shaking at 130 rpm. 
 
The experimental results are shown in fig.18 degradation is highly dependent upon phenol 
concentration. As the concentration of phenol in the media increases by (10, 
50,100,250,500,750 and 1000) ppm the time for degradation also increases. At higher initial 
concentrations, phenol takes more time to degrade completely [Arutchelvan et al., (2006)].  
100 ppm and 500ppm of phenol degrades in less time i.e. in (15-17) hours and (32-34) hours 
respectively compared to 750 and 1000 ppm of phenol which takes comparatively longer 
time to degrade i.e. (58-60) hours and (70-72) hours for complete degradation. The reason 
behind this increase in degradation time in case of 750 ppm and 1000 ppm of phenol is the 
inhibiting effect of phenol at higher substrate concentration 500 ppm. Saravanan et al., (2008) 
reported that microorganisms did not show any inhibitory effect and almost no lag phase was 
observed during its growth between 100 mg/l and 500 mg/l. Similar results were reported by 
Khazi et al., (2007) and Bandyopadhyay et al., (2000) the inhibiting effect of phenol as 
substrate was found to be predominant above the concentration of 600 ppm and 500 ppm 
respectively. Increasing phenol concentration also inhibits the growth of microbes that is 
reflected by the greater time taken for the complete degradation of phenol. It is also 
interesting to find that with the increase in the concentration of phenol the lag phase of the 
microbe also increases. The most probable reason behind the extended lag phase is due to the 
increasing toxicity of phenol with increase in concentration.  
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Fig. 19: Biomass growth of P. putida at different initial phenol concentration at optimum  
              conditions: temp 30
0
C, pH 7, 12 hours old 5% inoculum volume, shaking at 130rpm. 
 
Biomass growth of P. putida was studied under optimum conditions and at different 
concentration of phenol. O.D of the broth was taken at regular intervals of time at 600nm. As 
shown in fig. 19 at higher phenol concentration of 750 ppm and 1000 ppm P. putida 
exhibited an extended lag phase due to toxic effect of phenol on the growth of the 
microorganisms. Lag phase has been observed up to 30 hours and thereafter up to 70 hours it 
follows log phase. Further it becomes stationary. At each of the initial phenol concentrations 
there was a period of lag phase where the substrate consumption was slow which later 
becomes faster in the  exponential growth period and  further becomes stationary and growth 
slows down which confirms that the substrate was completely consumed. Saravanan et al., 
(2008) studied the biomass growth at high concentration of phenol and reported that the time 
required to reach stationary phase goes on increasing as the initial phenol concentration 
increases. Similarly Bajaj et al., (2009) reported that the lag phase of growth was longer at 
increasing initial phenol concentrations. The increase in lag time depended on the inoculums 
size and on the inhibition constant. Saravanan et al., (2008) reported that the time required to 
reach stationary phase goes on increasing as the initial phenol concentration increases. 
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4.10. Conformational test for both the microorganisms responsible for simultaneous 
phenol degradation and Cr (VI) reduction 
 
Table 3: Conformational result of simultaneous phenol degradation and Cr (VI) reduction 
 Test 1 Test 2 Test 3 
Time 
in hrs 
 Cr(VI) 
(mg/l)          
Phenol 
(mg/l)          
 Cr(VI) 
(mg/l)                   
Phenol 
(mg/l)          
 Cr(VI) 
(mg/l)                   
Phenol 
(mg/l)           
0  5 250  5 250  5 250 
6  4.99 249.98  4.98 198  4.98 249.98 
12  4.98 249.95  4.96 102  4.91 249.86 
18  4.93 249.88  4.91 32  4.86 249.79 
24  4.91 249.83  4.88 0  4.73 249.73 
 
 Test 4 Test 5 Test 6 
Time 
in hrs 
 Cr(VI) 
(mg/l)                   
Phenol 
(mg/l)        
 Cr(VI) 
(mg/l)                   
Phenol 
(mg/l)          
 Cr(VI) 
(mg/l)                   
Phenol 
(mg/l)          
0  5 250  5 0  5 250 
6  2.8 249.98  4.98 0  3.8 198 
12  0 249.86  4.96 0  1.4 102 
18  0 249.81  4.91 0  0 32 
24  0 249.77  4.88 0  0 0 
 
(Test 1 without any of the culture, Test 2 with P. putida without E. coli, Test 3 with E. coli without 
P. putida, Test 4 with glucose and E. coli without P. putida, Test 5 with both P. putida and E. coli but 
no phenol, Test 6 both P. putida and E. coli with phenol as a carbon source) 
Tests were carried out to investigate the simultaneous removal of phenol and Cr(VI) in seven 
different set of experiments and the results are listed in the above Table. Cr(VI) reduction 
along with phenol degradation occurred only in the presence of both P. putida and E. coli 
when phenol was used as the sole source of carbon. The concentration of Cr(VI) decreased 
from 5mg/L to 0 mg/L after (15-18) hours of incubation with 250 mg/L phenol as the sole 
added carbon source (Test 6). Little or no Cr(VI) reduction and phenol degradation was 
observed  in the standards where no bacterial culture was inoculated (Test 1). Simultaneous 
Cr(VI) reduction and phenol degradation was also not observed when a single microbe i.e E. 
coli or P. putida was used (Test 2 and 3). Very less or no Cr(VI) reduction occurred when 
both the organisms were used but in the absence of phenol in the media.(Test 5). Whereas 
Cr(VI) reduction was observed when E. coli with glucose as electron donor was used without 
P. putida (Table 4). Phenol degradation was observed when P. putida alone was incubated in 
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the media (Table 2). This indicated that Cr(VI) reduction and phenol degradation were 
accomplished through biological activity of both the organisms. Similar work has been 
reported by Yun-guo et al., (2008) in which Cr(VI) reduction was insignificant in the absence 
of Cr(VI) reducing Bacillus sp, while phenol could be degraded by P. putida Migula in the 
same culture. So, it can be concluded that the metabolites formed from phenol degradation by 
phenol degrading bacteria acts as a electron donor for Cr(VI) reduction by the chromium 
reducing bacteria. 
 
4.11. Effect of Cr (VI) concentration on phenol degradation and vice versa. 
 
The effect of chromium on phenol degradation has been studied. The biological phenol 
degradation is greatly affected by the initial concentration of Cr(VI). The rate of phenol 
degradation declined with increasing the initial Cr(VI) concentrations. Low Cr(VI) 
concentration does not have much effect on phenol degradation whereas on increasing the 
concentration of chromium above an optimum limit reduces phenol degradation efficiency. 
Therefore higher Cr(VI) concentrations have an inhibiting and toxic effect on bacterial 
mechanism. Similar results were also reported by Yun-guo et al., (2008) where high Cr(VI) 
concentration above 5 ppm had inhibiting effect on phenol degradation. High concentration 
of Cr(VI) not only affects the significant phenol degradation, but also limits Cr(VI) reduction, 
due to the insufficient electron donors produced by phenol degradation. An increase in initial 
phenol concentration enhanced Cr(VI) reduction until some optimum value of phenol was 
reached. According to Nkhalambayausi-Chirwa and Wang, (2001), Phenol degradation 
results in the production and accumulation of a series of organic acid metabolites that 
interfere with the biological activity of the microbe and inhibits its Cr(VI) reduction capacity. 
Further high concentration of phenol also plays a major role in protein denaturation which 
itself inhibit the activity of the bacterial metabolism. 
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4.12. Simultaneous phenol and chromium degradation using mixed culture of 
microorganisms 
 
Different Cr(VI) concentrations i.e (5, 10 and 15) ppm were subjected to degradation in the 
presence of  250 ppm and mixed culture of microorganisms. 
 
 
Fig. 20: Degradation of varying concentrations of Cr(VI) in the presence of 250 ppm of phenol at  
              optimum conditions. 
 
From the above graph it is observed that in the presence of 250 ppm phenol, lower 
concentration of Cr(VI) i.e. 5 ppm degrades completely in (12-15) hours whereas higher 
concentration of Cr(VI) 10 ppm and 15 ppm takes prolonged time i.e (30-32) hours and 
(40-42) hours respectively for their complete degradation in the presence of 250 ppm of 
phenol. This is because of the insufficient or less amount of energy and electron donor 
produced during phenol degradation by P. putida which was inadequate for higher 
concentrations of Cr(VI). Results obtained are similar to those of Yun-guo et al., (2008). 
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Similarly degradation of 250 ppm of phenol was studied at various concentrations of 
Cr(VI) as shown in Fig. 21.  
.  
Fig. 21: Degradation of 250 ppm of phenol at various initial concentrations of Cr(VI) at optimum  
             conditions. 
 
From the above graph it can be inferred that 250 ppm phenol takes longer time for 
degradation i.e. (28-30) hours and (34-36) hours in the presence of 10 ppm and 15 ppm 
Cr(VI) respectively. Whereas 250 ppm of phenol degrades in (22-24) hours in the 
presence of lower concentrations of Cr(VI) i.e. 5 ppm. This is because of the inhibitory 
effect of high Cr(VI) concentration on phenol degradation 
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Biomass for both the organisms at (5, 10 and 15) ppm of Cr(VI) in the presence of 
constant phenol concentration of 250 ppm was also studied. Biomass was studied in terms 
of OD taken at 600nm.  
 
 
Fig. 22: Biomass growth of mixed microbial culture during degradation of varying concentrations  
              of Cr(VI) at constant phenol concentration  
 
Different Cr(VI) concentrations i.e (5, 10 and 15) ppm were degraded in the presence of  
500 ppm of phenol. 
 
 
Fig. 23: Degradation of varying concentrations of Cr(VI) in the presence of 500 ppm of phenol at  
              optimum conditions. 
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As shown in the graph above 5 ppm of Cr(VI) takes less time i.e (16-18) hours for 
complete degradation while 10 ppm and 15 ppm of Cr(VI) take longer time for their 
complete degradation. Thus it can be understood that the energy and electron produced by 
P. putida during phenol degradation were sufficient for degradation of 5 ppm of Cr (VI) 
by E. coli. The inhibitory effect of high concentration of phenol on Cr(VI) reduction can 
also be inferred from the fig. 23. 15 ppm of Cr (VI) took more than 42 hours for its 
complete degradation when present with 500 ppm of phenol.  
 
Similarly degradation of 500 ppm of phenol was studied at various concentrations of 
Cr(VI) as shown in Fig. 24  
 
 
Fig. 24: Degradation of 500 ppm of phenol at various initial concentrations of Cr(VI) at optimum  
              conditions. 
 
Fig. 24 shows the degradation of 500ppm of phenol in the presence of various 
concentrations of Cr(VI). Degradation of phenol i.e. 500ppm is greatly affected by the 
presence of different concentration of Cr(VI) due to the inhibitory effect of Cr(VI) on 
phenol degradation. From the above graph it can be observed that 500 ppm phenol in the 
presence of (5, 10 and 15) ppm Cr(VI) gets degraded at (40-42) hours, (46-48) hours and 
(52-54) hours respectively. 
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Biomass for both the organisms at (5, 10 and 15) ppm of Cr(VI) in the presence of 
constant phenol concentration of 500 ppm was also studied. Biomass was studied in terms 
of OD taken at 600nm.  
 
 
Fig. 25: Biomass growth of mixed microbial culture during degradation of varying concentrations  
              of Cr(VI) at constant phenol concentration  
 
Different Cr(VI) concentrations i.e (5, 10 and 15) ppm were degraded in the presence of  
750 ppm of phenol. 
 
 
Fig. 26: Degradation of varying concentrations of Cr(VI) in the presence of  750 ppm of phenol at  
             optimum conditions. 
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 From the above graph it is observed that 10 ppm of Cr(VI) is degraded in (46-48) hours 
while 15 ppm of Cr(VI) gets degraded in more than 80 hours. This is due to the toxic and 
inhibitory effect of high concentration of phenol on Cr(VI) reduction. From the above 
different combinational studies it can be concluded that 15 ppm Cr(VI) takes longer time for 
degradation in presence of 750 ppm phenol as compare to the time taken for the degradation 
in the presence 250 ppm and 500 ppm of phenol. Similarly degradation of 750 ppm of 
phenol was studied at various concentrations of Cr(VI) as shown in Fig. 27.   
 
 
Fig. 27: Degradation of 750 ppm of phenol at various initial concentrations of Cr(VI) at optimum  
             conditions. 
 
As shown in the figure above degradation of 750 ppm was greatly affected by the 
presence of different concentration of Cr(VI), this is basically due to the inhibitory effect 
of higher concentration of Cr(VI) on phenol degradation. From the above graph it can be 
observed that 750 ppm phenol in the presence of 10 ppm and 15 ppm Cr(VI) gets 
degraded in (58-60) hours and (70-72) hours respectively. 
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Biomass OD at 600nm was studied for both the microorganisms in the culture containing 
10 ppm and 15 ppm of Cr(VI) respectively along with 750 ppm phenol. 
 
Fig. 28: Biomass growth of mixed microbial culture during degradation of varying concentrations  
             of Cr(VI) at constant phenol concentration  
 
Degradation of different concentration of phenol in the presence of constant Cr(VI) of 5ppm 
was also studied. As shown in the fig. 29 various concentrations of phenol (10, 
50,100,250,500,750 and 1000) ppm were subjected to degradation in the presence of   
constant Cr(VI) concentration of 5 ppm has and a mixed culture of microorganisms is 
inoculated. Here phenol is used as the carbon source by P. putida and electron donor for 
Cr(VI) degradation by E. coli. 
 
Fig. 29: Degradation of varying concentrations of phenol in the presence of constant 5 ppm of  
              Cr(VI) at optimum conditions. 
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From the above graph it is observed that in the presence of 5 ppm of Cr(VI), the time of 
degradation increases with the increasing concentrations of phenol. Thus, in the presence of 5 
ppm of Cr(VI), 10 ppm phenol takes nearly 12 hours for complete degradation whereas 1000 
ppm phenol takes around (76-78) hours for its complete degradation. Maximum Phenol 
degradation is achieved at a phenol concentration of 500 ppm. Beyond this concentration the 
trend of degradation changes with an increase in the lag phase. The degradation initially 
slows down when high initial concentration of phenol are considered, but later becomes faster 
and follows similar degradation trend till the complete  degradation of phenol is achieved. It 
is attributed to the toxicity of phenol that increases with increasing phenol concentration and 
it inhibits the growth of microbes that is reflected in greater time taken to degrade 
completely. Yun-guo et al., (2008) reported similar result on the effect of phenol 
concentration on the Cr(VI) reduction. A phenol concentration over a range of 25 mg/L to 
250 mg/L and an initial Cr(VI) concentration of 15 mg/L were considered for the study. 
Chirwa et al., (2000) also examined similar work and observed optimum Cr(VI) reduction at 
a phenol concentration of 200 mgl
-1
 and an initial Cr(VI) concentration of 2 mgl
-1
. While 
complete phenol degradation was observed only in cultures under low initial Cr(VI) 
concentration (<10 mgL
-1
). Experimental results also indicated the E. coli utilizes metabolites 
formed from phenol degradation as electron donors for Cr(VI) reduction. Cr(VI) inhibited 
both Cr(VI) reduction and phenol degradation when Cr(VI) concentration exceeded the 
optimum value (20 mg/L), whereas phenol enhanced both Cr(VI) reduction and phenol 
degradation at a optimal value of 100ppm. Tziotzios et al., (2008) also investigated the effect 
of phenol concentrations on the rates of phenol removal and Cr(VI) reduction under constant 
initial Cr(VI) concentration of about 5.5 ppm and phenol concentration ranging from 350 
ppm to 1500 ppm. Optimum phenol degradation was achieved at lower Cr(VI) concentration 
and simultaneously maximum Cr(VI) reduction was achieved at lower initial phenol only. 
Cr(VI) reduction rate of 0.062 g Cr(VI) L
−1
 d
−1
 and phenol removal rate of 3.574 g phenol 
L
−1
 d
−1
 was observed at the initial phenol concentration of 500 mg phenol L
−1 
and 5.5 mg L
−1 
of Cr(VI). Song et al in 2009 have investigated the simultaneous reduction Cr(VI) and phenol 
degradation by using a single culture of Pseudomonas aeruginosa CCTCC AB91095. The 
metabolites formed during phenol degradation were found to be used as energy source for 
Cr(VI) reduction by P. aeruginosa. Phenol degradation ranging from 10 ppm to 200 ppm in 
the presence of 2 ppm Cr(VI) and also 2 ppm of Cr(VI) reduction in the presence of different 
initial concentration of phenol from 10 ppm to 200 ppm were studied. At higher 
concentration of phenol the rate of Cr(VI) reduction decreased due to the excess formation of 
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organic acid metabolites which inhibit the chromium reduction. Simultaneously at higher 
concentration of Cr(VI) the phenol degradation rate was decreased due to the toxic effect of 
high concentration of Cr(VI) on phenol degradation. 
 
Study of reduction of 5 ppm of Cr(VI) by E. coli in the presence of different concentration of 
phenol ranging (10,50,100,250,500,750 and 1000) ppm. As shown in the (figure 30), 5 ppm 
Cr(VI) takes longer time for reduction i.e. (16-18) hours and (14-15) hours in the presence of 
10 ppm and 50 ppm of phenol respectively. In the presence of 100 ppm of phenol, Cr(VI) 
gets reduced in a short time span of (10-12) hours. This decrease in time of reduction is 
probably due to the energy and electron donors produced from phenol degradation by p. 
putida that is sufficient in case of 100 ppm of phenol than in case of 10 ppm and 50 ppm. 
With further increase in the concentration of phenol in the culture the time for reduction of 
5ppm of Cr(VI) by E. coli also goes on increasing. The toxic and inhibitory effect of high 
concentration of phenol is the basic reason for the increase in time for Cr(VI) reduction. 
Similar studies were reported by other researchers [Yun-guo et al., (2008) and Song et al., 
(2009)]. 
 
 
Fig. 30: Degradation of Cr(VI) at various concentration of phenol in presence of 5ppm Cr(VI) at 
optimum conditions 
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Biomass study was also carried out for both the microbes in the presence of 5 ppm of 
Cr(VI) and varying phenol concentration of  (10,50,100,250,500,750 and 1000) ppm. 
 
 
Fig. 31: Biomass growth of mixed culture of microorganisms during degradation of different 
concentration of phenol at 5 ppm Cr(VI) concentration at optimum conditions 
 
4.13. Analysis under 100X microscope 
 
 
 
Fig. 32 (A): 100x microscopic view of mixed culture of microbes showing P. putida and E. coli  
Fig. 32 (B): 100x microscopic view of Secondary  metabolites produced during the degradation 
process 
 
The 100x microscopic view of mixed culture of microbes (P. putida and E. coli) is shown in Fig. 32 
(A). Fig. 32 (B) shows the 100x microscopic view of the microbes along with the secondary  
metabolites produced during the degradation proscess. As seen in the figure clumps of 
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microorganisms are surrounded by black cloudy mass.These cloudy masses are the secondary 
metaboltes produced during the degradation proscess. 
 
4.14. Resistant to other heavy metals 
 
 
Fig. 33: Heavy metal resistance studies and relative growth of mixed culture of microorganisms in 
the presence of various concentrations of heavy metals on nutrient agar media. 
 
The inhibitory effect of aerobic phenol degradation was studied in the presence of various 
concentrations of heavy metals. Similarly Pyo, (2003) reported the efficient removal of 
1000ppm of phenol in 30 hours in the presence of other heavy metals like mercury, cadmium, 
copper and zinc. Maximum tolerance level of other metals by the mixed culture of 
microorganisms present in the medium along with phenol and chromium were also checked. 
Mixed culture of the organisms were allowed to grow on agar plate containing heavy metals  
Zn, Cu, Ni each present at a concentration of 10mg/l. Number of colonies were counted after 
incubation of 48 hours with both the microorganisms. As shown in the fig. 33 highest 
numbers of colonies were observed on the agar petriplate containing Zinc followed by Cu and 
Ni. The number of colonies achieved in case of Zn was 32 colonies followed by 25 colonies 
in case of Cu and 14 colonies in case of Ni. From the result obtained it was confirmed that the 
heavy metals have less inhibitory effect on the microbial growth and degradation efficiency. 
Deeb et al., (2009) also studied  phenol degradation by P. putida in the presence of other 
heavy metals like Cd
2+
, Cu
2+
, Ni
2+
 and Zn
2+ 
which were used as CdCl2, CuCl2.2H2O, NiCl2 
and ZnCl2 , respectively, in various concentrations ranging from 0.001-8 mM. The plates 
were incubated at 28°C to 30°C for (72-96) hours and it was found that in the presence of 
other heavy metals no significance difference was observed in phenol degradation. El-Naas et 
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al., (2009) suggested that the activity and ability of bacteria for phenol degradation is greatly 
affected in the presence of other contaminants in the refinery wastewater. The Chemical 
analysis indicated that the presence of major contaminants, including sulphates and heavy 
metal ions such a like iron, aluminium and zinc had negligible effect on the biodegradation 
rate of phenol. Wasi et al.,(2008) have isolated a Pseudomonas fluorescence SM1 isolate 
which was found to be resistant to some major water pollutants namely Cd
2+
, Cr
6+
, Cu
2+
, 
Ni
2+
, Pb
2+
 and phenols up to a concentration four times to the normal levels occurring in the 
highly pullulated regions. These strains were found to efficiently degrade both high 
concentration of phenol and Cr(VI). 
 
4.15. Bioreactor study 
 
 
Fig. 34: Experimental set up (Bioreactor, New Brunswick, BIO FLOW 410) 
 
Simultaneous Degradation of phenol and reduction of Cr(VI) using mixed culture of 
microorganisms in the bioreactor. Large scale degradation of normal and industrial effluent at 
its optimum conditions in a bioreactor  (New Brunswick, BIO FLOW 410) was performed 
using the microbial strains of phenol degrading bacteria Pseudomonas putida (MTCC 1194) 
and Chromium reducing bacteria Escherichia coli (NCIM 5051).   
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4.16. Physico-chemical characteristic of industrial effluent as studied using bioreactor 
 
The industrial effluent was collected from the local textile industry and the physico-chemical 
parameters were estimated using standard methods. Chromium and copper are usually found 
in the dyeing and finishing section and phenol with other heavy metals are mostly found in 
the printing, bleaching, washing section of the textile industry. 
 
Table 4: Showing the Physico-chemical characteristic of textile industry effluent before and after 
treatment and their permissible limits 
Parameters EFFLUENT 
(UNTREATED) 
TREATED STANDARD 
COD (mg/l) 1340 246 200-300 
BOD (mg/l) 530 138 100-150 
TOC (mg/l) 207 81 50-100 
TDS (mg/l) 2630 96 100 
TSS (mg/l) 320 45 100 
pH 8.2 7 7 
PHENOL (mg/l) 250 0 0.05-0.1 
Cr(VI) (mg/l) 5 0 0.05-0.1 
TOTAL Cr (mg/l) 5 1.459 2 
Zn (mg/l) 10 3.632 5 
Cu (mg/l) 8 2.302 3 
Ni (mg/l) 7 2.594 3 
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4.17. Phenol degradation study using bioreactor 
 
The degradation of 250 ppm phenol in the presence of 5 ppm Cr(VI) was also studied in a 
bioreactor under optimized conditions. 
 
 
Fig. 35: Degradation of 250 ppm of phenol in bioreactor in the presence of 5 ppm of Cr(VI) at 
optimum conditions: agitation 200 rpm, pH 7, temperature 30
0
C, DO 100 ppm. 
 
As shown in the fig. 35 under optimized conditions when an aqueous solution of 250 ppm 
phenol and 5 ppm Cr(VI) is subjected to degradation 250 ppm of phenol it took nearly (18-
20) hours for its complete degradation. Whereas when the textile industry effluent was 
subjected to degradation of 250 ppm of phenol, it took nearly (28-30) hours for complete 
degradation of the two pollutants. The reason behind the prolonged degradation is the 
presence of other heavy metals and pollutants in the industrial effluent which extends the 
time required to degrade the phenol. Presence of other heavy metal thus slightly influences 
the phenol degradation due to the inhibition effect of the other heavy metals on the 
microorganisms.  
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4.18. Cr(VI) degradation study using bioreactor 
 
 
Fig. 36: Degradation of 5 ppm of Cr(VI) in bioreactor in the presence of 250 ppm of phenol at 
optimum conditions: agitation 200 rpm, pH 7, temperature 30
0
C, DO 100 ppm 
 
Similarly Cr(VI) reduction was also carried out in bioreactor. As shown in the above Fig. 36 
when aqueous solution of 5 ppm Cr(VI) and 250 ppm phenol was subjected to degradation 
under optimized conditions 5 ppm of  Cr(VI) took less time i.e. (10-12) hours for its complete 
degradation. Whereas it took (16-18) hours for its complete degradation when present in the 
textile industry effluent. The reason behind the prolonged time of degradation was due to the 
presence of other heavy metals and organic and inorganic pollutants in the textile industry 
effluent this reduced the degradation rate. 
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4.19. Simultaneous degradation of phenol & Cr(VI) in industrial effluent in a bioreactor     
 
Large scale degradation of aqueous solution of phenol with chromium and textile industry 
effluent was performed at its optimum conditions in a bioreactor (New Brunswick, BIO 
FLOW 410). All process parameters in the bioreactor like temperature, pH, DO and addition 
of anti foam was controlled automatically and remained constant throughout the operation as 
shown in fig. 37.  
 
 
Fig. 37: Degradation of 250 ppm of Phenol and 5 ppm of Cr(VI) in aquous solution at 
optimum conditions: agitation 200 rpm, pH 7, temperature 30
0
C, DO 100 ppm 
 
The results of the study of degradation of the aqueous solution of phenol and Cr (VI) in a 
bioreactor indicate that complete removal of phenol was achieved within (18-20) hours and 
chromium within (10-12) hours. The other experimental parameters were maintained constant 
like pH 7 temperature 30
0
C, agitation 200 rpm, DO 100 mg/L etc. The degradation time for 
both phenol and Cr(VI) was observed to be decreased  when studied in bioreactor rather than 
in shake flask.  
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Fig. 38: Degradation of 250 ppm of Phenol and 5 ppm of Cr(VI) in textile inustry effluent at 
optimum conditions:  agitation 200 rpm, pH 7, temperature 30
0
C, DO 100 ppm. 
 
The results of the treatment of textile industry effluent indicate that all water parameters 
including the concentration of phenol and chromium along with other heavy metals is 
reduced and brought to their permissible limits. The complete removal of phenol was 
achieved in (28-30) hours and chromium within (16-18) hours. The other experimental 
parameters were maintained constant like pH 7 temperature 30
0
C, agitation 200 rpm, DO 100 
mgl/L etc. The degradation time for phenol and Cr(VI) was observed to increase  when 
present in an textile industry effluent rather than in aqueous solution due to the presence of 
other heavy metals and organic and inorganic pollutants in the textile industry effluent.  
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4.20. SEM and EDX analysis 
 
4.20.1. SEM 
 
Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy analysis (SEM-EDX) 
is evaluated to understand the cell morphology, elemental composition of both the untreated 
and treated industrial effluent. Detailed examination by SEM helped us to detect the 
morphological and topological changes that occurred in the microbial cells before and after 
degradation. Similarly the industrial effluent was also examined using EDX for the 
conformation of the pollutants and the heavy metals before and after treatment.  
 
  
 
Fig. 39: SEM image of individual and both E. coli and P. putida before treatment 
 
Microbial cell image of individual organisms i.e, Escherichia coli and Pseudomonas putida 
were studied under SEM. Both the microbes are rod shaped and size of E. coli is slightly 
larger than P. putida. Chen et al 2007 also achieved similar SEM image of Pseudomonas 
putida BCRC 14349 grown on chitosan bead in their paper that is similar to our study. 
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Ackerley et al., (2006) also studied the structural morphology of Escerichia coli K-12 before 
and after chromate stress. It was clearly observed in the E. coli cell. When the cell was 
suddenly exposed to chromate it becomes elongated compared to the normal cells due 
cellular oxidative stress of chromium on the non adapted cells of E. coli.  
  
Fig. 40: SEM image of individual microorganisms Escherichia coli and Pseudomonas putida after 
degradation. 
 
A number of cytological and morphological changes have been observed in microbial cells in 
the presence of Phenol and chromium. Throughout the years most of the study has been done 
on yeasts especially Candida sp. [Kappeli et al., (1978)]. Also there is a limited study 
reported for Acinetobacter species [Kennedyet and Finnerty., (1975)].  But not much work 
has been reported on the structural changes in their cellular morphology of Pseudomonas 
putida and Escherichia coli. The cell wall disruption can be clearly seen in the above image 
due to the stress of toxic metals and organic and inorganic pollutants. The cell was also found 
to be swollen and the cell size is increased after the uptake of the pollutants and heavy metals 
our result was similar to the findings of [Cameotra and Singh, (2009)]. Adheration of the 
heavy metals can be seen on the surface of the cell of the microbe. Some extra cellular 
secretion can also be seen in the above image which is likely to be the secondary metabolites 
produced after degradation. Due to chromium and other heavy metals stress some elongation 
and deformation of the cell can also be seen. Similar result was reported by Francisco et al., 
(2010). This indicates that on long term exposure to the toxic pollutants the microbial cells 
undergo cell lysis. Cr and other heavy metal deposition on cell surface were visualized. Xie et 
al., (2010) also studied the SEM micrograph of E. cloacae taken before and after Cr(VI) 
loading. The morphology, physiological and biochemical characteristics of the strain results 
was similar as our result. The presence of heavy metal was clearly reflected on the cell 
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morphology and the cells were observed to have a rough cell wall and an elongated shape. 
The secretion of the metabolites was also reported in their study.  
 
4.20.2. EDX of treated effluent 
 
The industrial effluent sample was subjected to ENERGY DISPERSIVE X-RAY analysis to 
find its elemental composition before and after biological degradation. As shown in the Fig. 
41 various pollutants like Cr, Zn, Ni and Cu along with other elements like Na, C and 
Oxygen were present in the untreated textile industry effluent. Whereas as seen in Fig. After 
treatment the EDX of biologically degraded sample confirms the complete removal of the Cr 
along with other heavy metals. Only few unused media components like Mg, Na, K, S, Cl 
were found after complete removal of the pollutants. 
Similar finding was observed by Srivastava et al., (2007) using Acinetobacter sp. for the 
removal of Cr (VI) from tannery effluent. Various authors like Francisco et al., (2010), Li et 
al., (2008) and Das and Mishra, (2008) have also studied the presence of chromium with 
other heavy metals by EDX in their study. 
 
 
Fig. 41: EDX of treated textile industry effluent 
 
4.21. Total chromium analysis 
 
The culture medium containing 250 ppm phenol and 5 ppm Cr(VI) was also analyzed by 
atomic absorption spectroscopy technique to find the total chromium at different time 
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intervals in the culture medium. Degradation of both the pollutants had been done with the 
help of the mixed culture of microorganisms. The Atomic Absorption Spectroscopy reading 
showed that Cr(VI) gradually reduces to Cr(III) and some part of it is getting degraded 
completely. The total chromium analysis result indicates that after degradation the total 
chromium remaining in the aqueous solution is 1.529 ppm at 18 hours. 
 
Table 5: Total Chromium analysis at different intervals of time 
Time in hour Total Chromium (mg/l) 
3 4.495 
6 3.760 
9 3.012 
12 2.399 
15 1.532 
18 1.529 
 
Few researcher have studied the removal of chromium and other heavy metals from textile 
industry effluent and analysed the amount of pollutant that present before after degradation 
by atomic absorption spectrophotometer (AAS).  Halimoon and Yin, (2010) studied the 
removal of heavy metals from textile wastewater using zeolite, the amount of heavy metals 
like Cr, Cu, Pb present in textile industry effluent was calculated with the help of AAS. 
Similarly, Yusuff and Sonibare, (2004) studied the amount of heavy metal (aluminium, 
chromium, iron, zinc, manganese, and copper) present in the textile industry effluent using 
AAS. Benazir et al., (2009) and Sundar et al., (2010) also estimated total chromium by AAS 
to know the total chromium present in tannery effluent after degradation by the microbial 
consortia. 
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5. CONCLUSIONS  
Phenol and chromium are two major pollutants being discharged from various industries 
during mechanical operations. They mix in the water bodies and make them unusable. Textile 
industry present in Rajahmundry, AP, India is one of the example of such industries which is 
polluting the nearby water bodies and lands as well as the whole environment. People are 
facing various health problems by being exposed to the polluted water. Our primary objective 
is to degrade the contaminants present in the effluent and make them usable. Hence the 
present investigation is based on the simultaneous removal of phenol and chromium which 
are the major contaminant of the textile industry effluent in the presence of a mixed culture of 
indigenous microorganisms i.e phenol degrading strain of Pseudomonas putida MTCC(1194) 
and chromium reducing strain of Escherichia coli NCIM(5051). The influence of various 
operational and growth parameters like carbon and nitrogen source, volume and age of 
inoculums, pH, temperature are optimized to make them more efficient to completely degrade 
the pollutants present in the textile industry effluent. 
 
The key features of the present investigation are summarized as follows 
 
Sample collection and analysis 
 
 Industrial effluent was collected from a local textile industry situated in Rajahmundry, 
AP, India and was subjected to physico-chemical characterization. Presence of BOD, 
COD, TOC, TDS, TSS, pH, colour and odour were observed. 
 The EDX result shows the presence of Cr, Zn, Cr, Ni and other organic contaminants 
in the form of C and O. 
 Standard Chemical assay for phenol and chromium determination was performed to 
find out the actual concentration. The amount of other heavy metals present is 
determined with the help of AAS. The analysis result shows the presence of two 
major pollutants 250 mg/L of phenol and 5 mg/L of chromium along with other heavy 
metals Zn (10mg/L), Cr (8mg/L) and Ni (7 mg/L) etc. 
 
 
 
 
66 
 
Biodegradation of phenol and chromium 
 
 The phenol degrading strain of Pseudomonas putida MTCC(1194) and chromium 
reducing strain of Escherichia coli NCIM(5051) were  obtained from MTCC 
Chandigarh and NCIM Pune respectively. 
 Individual phenol degradation by Pseudomonas putida MTCC(1194), and chromium 
reduction by Escherichia coli NCIM(5051) was studied . 
 Simultaneous removal of phenol and chromium using co-culture of indigenous 
microorganisms was performed. 
 
Optimization of the culture growth condition 
 
 Maximum biomass productivity along with phenol and chromium degradation by the 
individual microorganism in the presence of different carbon and nitrogen source is 
studied. 
 The result shows for both the microorganisms dextrose is the optimum carbon source 
and peptone is the optimum nitrogen source. 
 
Optimization of process parameters 
 
 Effect of pH on phenol and chromium degradation by individual microorganisms 
shows the rate of phenol degradation by Pseudomonas putida and rate of Cr(VI) 
reduction by E. coli is maximum at pH 7. 
 Influence of incubation temperature suggests the rate of phenol degradation by P. 
putida and rate of Cr(VI) reduction by E. coli is maximum at an optimum temperature 
of 30
0
C. 
 Influence of inoculum volume and inoculum age indicates maximum rate of phenol 
degradation and Cr(VI) reduction can be achieved by both of the microorganisms in 
5% , 12 hour old inoculums.  
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Degradation study 
 
 In shake flask under optimum process conditions P. putida is able to degrade a 
maximum of 1000 ppm of phenol in (70 –72) hours. 
 Similarly at optimum process conditions E. Coli is able to completely degrade 40 ppm 
of Cr(VI) in (40 – 42) hours. 
 Conformational test for both the microorganisms responsible for simultaneous phenol 
degradation and Cr(VI) reduction was performed. 
 Simultaneous phenol degradation and chromium reduction by the mixed culture of 
microorganisms is studied by varying both phenol and chromium in the range of (250, 
500 and 750) ppm of phenol and (5,10 and 15) ppm of Cr(VI) respectively.  
 Degradation of various phenol concentration ranging from 10 ppm to 1000 ppm were 
studied in the presence of 5 ppm of Cr(VI) and result shows complete degradation of 
1000 ppm of phenol is obtained at (76 – 78) hours. 
 Simultaneously reduction of constant 5 ppm of Cr(VI) was observed at different 
higher concentration of phenol ranging from (10–1000) ppm. The result shows the 5 
ppm of Cr(VI) took (24–26) hours for its complete reduction when present with 1000 
ppm of phenol. 
 Cell of mixed culture of organisms before and after degradation were studied under 
100X microscope showing the metabolites production during the degradation process. 
 Heavy metal resistance study for the mixed culture of microorganisms indicate the 
sequence (Zn > Cu > Ni) in this order. 
 Degradation of both phenol and Cr(VI) was observed in a bioreactor under optimum 
process conditions for aqueous solution containing both the pollutants and for textile 
industry effluent. 
 The bioreactor results shows 250 ppm of phenol and 5 ppm of Cr(VI) takes (18–20) 
hours and (10–12) hours for their complete degradation when present in aqueous 
solution containing both phenol and chromium.  
 But in case of treatment of textile effluent in bioreactor the degradation of both phenol 
and Cr(VI) takes (28–30) hours and (16–18) hours respectively for their complete 
degradation indicating the inhibitory effect of organic and inorganic pollutants along 
with other heavy metals present in the textile industry effluent.   
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 The textile industry effluent after treatment was subjected to EDX conforms the 
complete removal of various heavy metals like (Cr, Zn, Ni).  
 The treated effluent when subjected to analysis indicates very trace amount of heavy 
metals that attained the permissible limits [Zn-3.632 mg/L, Cu – 2.302 mg/L and Ni – 
2.594 mg/L]. 
 From the results obtained from SEM analysis shows number of cytological and 
morphological changes like cell wall disruption, cell size elongation swelling of the 
cell, extracellular secretion in the microbial cells before and after degradation. 
 Total chromium analyzed by AAS shows the gradual reduction of Cr(VI) to Cr(III) 
and simultaneous complete reduction of  chromium at different time intervals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
69 
 
6. REFERENCES  
 
1. Ackerley D. F., Barak Y., Lynch S. V., Curtin J. and Matin A. (2006) Effect of 
chromate stress on Escherichia coli k-12, Journal of Bacteriology, p. 3371–3381. 
2. Afzal Muhammad, Iqbal Samina, Sakandar Rauf and Khalid Zafar M. (2007) 
Characteristics of phenol biodegradation in saline solutions by monocultures of 
Pseudomonas aeruginosa and Pseudomonas pseudomallei, Journal of Hazardous 
Materials, 149, 60–66. 
3. Agarry S. E. and Solomon B. O. (2008) Kinetics of batch microbial degradation of 
phenols by indigenous Pseudomonas fluorescence, Int. J. Environ. Sci. Tech., 5 (2), 
223-232. 
4. Agarry S. E., Audu T. O. K. and Solomon B. O. (2009) Substrate inhibition kinetics 
of phenol degradation by Pseudomonas fluorescence from steady state and wash-out 
data, Int. J. Environ. Sci. Tech., 6 (3), 443-450.  
5. Agarry S. E., Solomon B. O.  and Layokun S. K. (2008) Kinetics of batch microbial 
degradation of phenols by indigenous binary mixed culture of Pseudomonas 
aeruginosa and Pseudomonas fluorescence, African Journal of Biotechnology, Vol. 7, 
(14), pp. 2417-2423. 
6. Aguilera S., Aguilar M.E., Chavez M.P., Lopez-Meza J.E., Pedraza-Reyes M., 
Campos Garcıa J. and Cervantes, C., (2004) Essential residuesin the chromate 
transporter ChrA of Pseudomonas aeruginosa, FEMS Microbiology Letters, 232, 107–
112. 
7. Aksu Z. and Gönen F. (2006) Binary biosorption of phenol and chromium (VI) onto 
immobilized activated sludge in a packed bed: Prediction of kinetic parameters and 
breakthrough curves [J]. Separation and Purification Technology, 49, 205 - 216. 
8. Al-Bastaki Nader, Banat Fawzi (2004) Combining ultra filtration and adsorption on 
bentonite in a one-step process for the treatment of coloured waters Resources, 
Conservation and Recycling, 41, 103–113. 
9. Ali Naeem, Hameed Abdul, Ahmed Safia (2009) Physicochemical characterization 
and Bioremediation perspective of textile effluent, dyes and metals by indigenous 
Bacteria, Journal of Hazardous Materials, 164, 322–328. 
10. Al-Rekabi Wisaam S., Qiang He and Qiang Wei Wu (2007) Improvements in 
Wastewater Treatment Technology, Pakistan Journal of Nutrition, 6 (2): 104-110. 
70 
 
11. Annadurai Gurusamy, Juang Ruey-Shin and Lee Duu-Jong (2002) Microbiological 
degradation of phenol using mixed liquors of Pseudomonas putida and activated 
sludge, Waste Management, 22, 703–710. 
12. Annadurai Gurusamy, Ling Lai Yi and Lee Jiunn-Fwu (2007) Biodegradation of 
phenol by Pseudomonas pictorumon immobilized with chitin, African Journal of 
Biotechnology, Vol. 6 (3), pp. 296-303. 
13. Annadurai Gurusamy, Ling Lai Yi and Lee Jiunn-Fwu (2008) Statistical optimization 
of medium components and growth conditions by response surface methodology to 
enhance phenol degradation by Pseudomonas putida, Journal of Hazardous Materials, 
151, 171–178. 
14. Arutchelvan V., Kanakasabai V., Elangovan R., Nagarajan S. and Muralikrishnan V. 
(2006) Kinetics of high strength phenol degradation using Bacillus brevis, Journal of 
Hazardous Materials, B129, 216–222. 
15. Arutchelvan V., Kanakasabai V., Nagarajan S. and Muralikrishnan V. (2005) 
Isolation and identification of novel high strength phenol degrading bacterial strains 
from phenol-formaldehyde resin manufacturing industrial wastewater, Journal of 
Hazardous Materials, B127, 238–243. 
16. Arutchelvan V., Kanakasabai V., Nagarajan S. and Muralikrishnan V. (2005) 
Isolation and identification of novel high strength phenol degrading bacterial strains 
from phenol-formaldehyde resin manufacturing industrial wastewater, Journal of 
Hazardous Materials, B127, 238–243. 
17. Atlas R.M. and Bartha R. (1998) In Microbial Ecology: Fundamentals and 
applications. 4
th
 Edition. Benjamin and Cummings Science publishing, California. 
18. Autenrieth R.L. and Bonner J.S. (1991) Biodegradation of phenolic wastes, Journal of 
Hazardous Materials, 28, 29-53.  
19. Badani Z., Ait-Amar H., Si-Salah A., Brick B., and Fuchs W. (2005) Treatment of 
textile waste water by membrane bioreactor and reuse. D es ali nation, 185: 411-
417.  
20. Bae Woo Chul, Gu Kang Tae, Kang In Kyong, Won You Jung, and Jeong Byeong 
Chul (2000) Reduction of hexavalent chromium by Escherichia coli ATCC 33456 in 
batch and continuous cultures, Journal of Microbiology, p.36-39.  
21. Bafana Amit, Krishnamurthi Kannan, Patil Mahendra and Chakrabarti Tapan (2010) 
Heavy metal resistance in Arthrobacter ramosus strain G2 isolated from mercuric 
salt-contaminated soil, Journal of Hazardous Materials, 177, 481–486. 
71 
 
22. Bajaj M., Gallert C. and Winter J. (2008) Biodegradation of high phenol containing 
synthetic wastewater by an aerobic fixed bed reactor, Bioresource Technology, 99, 
8376–8381. 
23. Balaji V., Datta S. and  Bhattacharjee C. (2005) Evaluation on Biological Treatment 
for Industrial Wastewater, Vol 85.  
24. Bandhyopadhyay K., Das D., Bhattacharyya P. and Maiti B.R. (2001) Reaction 
engineering studies on biodegradation of phenol by Pseudomonas putida MTCC 1194 
immobilized on calcium alginate  Biochemical Engineering Journal, 8, pp 179–186. 
25. Bandyopadhyay K., Das D. and Maiti B.R. (1998) Kinetics of phenol degradation 
using Pseudomonas putida MTCC 1194 Bioprocess Engineering, 18, 373 - 377. 
26. Basha Khazi Mahammedilyas, Rajendran Aravindan, and Thangavelu Viruthagiri  
(2010) Recent advances in the Biodegradation of Phenol: A review Asian J. Exp. 
Biol. Sci., Vol 1 (2): 219-234. 
27. Basso M. C., Cerrella E. G., & Cukierman A. L. (2002) Lignocellulosic materials as 
potential biosorbents of trace toxic metals from wastewater. Industrial & Engineering 
Chemistry Research, 4115: 3580–3585. 
28. Benazir J. Fathima, Suganthi R., Rajvel D., Pooja M. Padmini and Mathithumilan B. 
(2010) Bioremediation of chromium in tannery effluent by microbial consortia, 
African Journal of Biotechnology, Vol. 9 (21), pp. 3140-3143.  
29. Bodalo A., Gomez J.L., Gomez M., Leon G., Hidalgo A.M. and Ruiz M.A., (2008) 
Phenol removal from water by hybrid processes: Study of the membrane process step. 
Desalination, 223, 323-329.  
30. Cameotra Swaranjit Singh and Singh Pooja (2009) Synthesis of rhamnolipid 
biosurfactant and mode of hexadecane uptake by Pseudomonas species, Microbial 
Cell Factories, 8:16. 
31. Chakraborty S., Bhattacharya T., Patel T.N. and Tiwari K.K. (2010) Biodegradation 
of phenol by native microorganisms isolated from coke processing wastewater, 
Journal of Environmental Biology, 31, 293-296. 
32. Chauhan Purnima and Rekha R. Membrane Filtration Techniques –Part II Scope for 
minimising effluent load. 
33. Chen Xuejun, Shen Zhemin, Zhu Xiaolong, Fan Yaobo and Wang Wenhua (2005) 
Advanced treatment of textile wastewater for reuse using electrochemical oxidation 
and membrane filtration, Water SA ,Vol. 31, No. 1.  
72 
 
34. Chen Yan-Min, Lin Tsair-Fuh, Huang Chih, Lin Jui-Che and Hsieh Feng-Ming 
(2007) Degradation of phenol and TCE using suspended and chitosan-bead 
immobilized Pseudomonas putida, Journal of Hazardous Materials, 148, 660–670. 
35. Cheung K.H. and Gu Ji-Dong (2007) Mechanism of hexavalent chromium 
detoxification by microorganisms and bioremediation application potential: A review, 
International Biodeterioration & Biodegradation, 59, 8–15. 
36. Cheunga K.H. and Gua Ji-Dong, (2007) Mechanism of hexavalent chromium 
detoxification by microorganisms and bioremediation application potential: A review, 
International Biodeterioration & Biodegradation, 59, 8–15. 
37. Chirwa Evans M. N. and Smit Ernst H. R. (2010) Simultaneous Cr(VI) reduction and 
phenol degradation in  a trickle bed bioreactor : shoke loading response, Chemical 
Engineering Transections, volume 20, 2010. 
38. Chithra K. and Balasubramanian N. (2010) Modeling electrocoagulation through 
adsorption kinetics, Journal of Modelling and Simulation of Systems (Vol.1/Iss.2) pp. 
124-130. 
39. Chitra Subramanian, Sekaran Ganesan, and Chandrakasan Gowri (1996) Immobilized 
mutant strain of pseudomonas pictorium for the degradation of phenol in wastewater 
J. Gen. Appl. Microbiology., 42, 355-361.  
40. Choudhury R. and Srivastaba S. (2001) Mechanism of zinc resistance in 
Pseudomonas putida strain s4, World Jounal of Microbiology and Biotechnology, 
17:149 – 153. 
41. Collins L. D., Daugulis A. J. (1997) Biodegradation of phenol at high initial 
concentration in two-phase partitioning batch and fed-batch bioreactors, Biotechnol. 
Bioeng., 55 (1), 155 – 162. 
42. Das Alok Prasad and Mishra Susmita (2009) Bioreduction Based Bioremediation Of 
Hexavalent Chromium Cr (Vi) Through Potential Indigenous Microbes, M.tech (Res) 
thesis. 
43. Das Alok Prasad and Mishra Susmita (2010) Biodegradation of metallic carcinogen 
hexavalent chromium Cr(VI) by an indigenously isolated bacterial strain, journal of 
Carcinogenesis, 9:6. 
44. Deeb Bahig El. and Altalhi Abdullah D. (2009) Degradative plasmid and heavy metal 
resistance plasmid naturally coexist in phenol and cyanide assimilating bacteria 
American, journal of biochemistry and biotechnology, 5 (2): 84-93.  
73 
 
45. Deepali, Gangwa K.K. and Joshi B. D. (2009) Comparative study of physico-
chemical properties of effluent from tannery industries Indian, journal of 
environmental sciences,  3(2), pp 49-152. 
46. Dermou E., Velissariou A., Xenos D. and Vayenas D.V.  (2005) Biological chromium 
(VI) reduction using a trickling filter, Journal of Hazardous Materials, B126, 78–85. 
47. Dey Sudipta and Mukherjee Somnath (2010) Performance and kinetic evaluation of 
phenol biodegradation by mixed microbial culture in a batch reactor, International 
Journal of Water Resources and Environmental Engineering, Vol. 2(3), pp. 40-49. 
48. Dias-Machado Manuela, Madeira Luis M., Nogales Balbina, Nunes Olga C. and Celia 
M. (2006) Treatment of cork boiling wastewater using chemical oxidation and 
biodegradation, Chemosphere, 64, 455–461. 
49. El-Deeb B. (2009) Natural combination of genetic systems for degradation of phenol 
and resistance to heavy metals in phenol and cyanide assimilating bacteria, Malaysian 
Journal of Microbiology, Vol 5(2), pp. 94-103. 
50. El-Naas Muftah H., Al-Muhtaseb Shaheen A. and Makhlouf Souzan (2009) 
Biodegradation of phenol by Pseudomonas putida immobilized in polyvinyl alcohol 
(PVA) gel, Journal of Hazardous Materials, 164, 720–725. 
51. Eswaramoorthi S., Dhanapal K. and Chauhan D.S. Advances in textile waste waste 
treatment: the case for uv-ozonationand membrane bioreactor for common effluent 
treatment plants. 
52. Farrell S.O., and Ranallo. R.T., (2000). Experiments in biochemistry. A hands-on 
approach.Saunders College Publ, Orlando, FL 
53. Francisco Romeu, Moreno Antonio and Morais Paula Vasconcelos (2010) Different 
physiological responses to chromate and dichromate in the chromium resistant and 
reducing strain Ochrobactrum tritici 5bvl1, Biometals, 23:713–725. 
54. Gardea-Torresdey J. L., de la Rosa G., & Peralta-Videa J. R., (2004) Use of 
phytofiltration technologies in the removal of heavy metals: A review. Pure and 
Applied Chemistry, 764: 801–813. 
55. Gharbani P., Khosravi M., Tabatabaii S. M., Zare K., Dastmalch S. I and Mehrizad A. 
(2010) Degradation of trace aqueous 4-chloro-2-nitrophenol occurring in 
pharmaceutical industrial wastewater by ozone Int. J. Environ. Sci. Tech., 7 (2), 377-
384.  
56. Gonzalez G., Herrera G., Ma. Garcia T. and Pena M., (2001) Biodegradation of 
phenolic industrial wastewater in a fluidized bed bioreactor with immobilized cells of 
74 
 
Pseudomonas putida, Bioresource Technology, 80, 137 - 142. 
57. Gopalan R. and Veeramani H., (1994) Studies on microbial chromate reduction by 
Pseudomonas sp, in aerobic continuous suspended growth cultures, Biotechnology 
and Bioengineering, 43, 471–476. 
58. Govindarajalu K. (2003) Industrial effluent and health statusa case study of noyyal 
river basin, Proceedings of the Third International Conference on Environment and 
Health, Chennai, India, 15-17 December, Pages 150 – 157. 
59. Guendy Hoda Roushdy (2007) Ozone treatment of textile waste water relevant to 
toxic effect elimination in marine environment, Egyptian Journal Of Aquatic 
Research, VOL. 33 NO. 1, 98-115. 
60. Guendy Hoda Roushdy (2009) Enhancing of textile wastewater treatment using 
different catalysts for advanced oxidation process, Australian Journal of Basic and 
Applied Sciences, 3(4): 4046-4052. 
61. Guha. H, Jayachandran. K and Maurrasse. F, (2001) Kinetics of chromium (VI) 
reduction by a type strain Shewanella alga under different growth conditions. 
Environmental Pollution, 115: 209–218. 
62. Hai F.I., Fukushi K., and Yamamoto K. (2003) Treatment of textile wastewater: 
Membrane bioreactor with special dye-degrading microorganism. Proceedings of the 
Asian Waterqual 2003, Bangkok, Article # 2Q3F16. 
63. Halimoon Normala and Yin Rachel Goh Soo (2010) Removal of heavy metals from 
textile wastewater using zeolite environment asia, 3(special issue), 124-130. 
64. Hank D., Saidani N., Namane A. and Hellal A. (2010) Batch phenol biodegradation 
study and application of factorial experimental design, Journal of Engineering Science 
and Technology Review, 3 (1), 123-127. 
65. Horton Rene N., Apel William A., Thompson Vicki S. and Sheridan Peter P. (2006) 
Low temperature reduction of hexavalent chromium by a microbial enrichment 
consortium and a novel strain of Arthrobacter aurescens,  BMC Microbiology, 6:5. 
66. Jayachandran, V.P. and Kunhi A.A.M., (2008) Degradation of 3-chlorobenzoate and 
phenol singly and in mixture by a mixed culture of two orthopathway- following 
Pseudomonas strains. J. Industrial Micro. Biotech. 
67. Kabir G. and Ogbeide S.E. (2008) Removal of chromate in trace concentration using 
ion exchange from tannery wastewater, Int. J. Environ. Res., 2(4): 377-384. 
75 
 
68. Kappeli O., Muller M. and Fiechter A. (1978) Chemical and structural alterations at 
the cell surface of Candida tropicalis induced byhydrocarbon substrate. J Bacteriol, 
133:952-958. 
69. Kaufman D.B., Dinicola W. and McIntosh R. (1970) Acute potassium dichromate 
poisoning: treated by peritoneal dialysis. Am. J. Dis. Child., 119, 374-376. 
70. Kennedy R.S. and Finnerty W.R. (1975) Microbial assimilation of hydrocarbons. 
Intracytoplasmic membrane induction in Acin etobacter sp. Arch Microbiol., 102:85-
90. 
71. Khanafar A., Eshghdoost S. and Mashinchian A. (2008) Removal of lead and 
chromium from aqueous solution by Bacillus circulans biofilm, Iran. J. Environ. 
Health. Sci. Eng.,Vol. 5, No. 3, pp. 195-200. 
72. Khanafari, Eshghdoost S. and Mashinchian A., (2008) Removal of lead and 
chromium from aqueous solution by bacillus circulans biofilm, Iran. J. Environ. 
Health. Sci. Eng., Vol. 5, No. 3, pp. 195-200. 
73. Khazi Mahammedilyas Basha, Rajendran Aravindan and Thangavelu Viruthagiri 
(2008) Kinetics and optimization studies on Biodegradation of Phenol using 
Pseudomonas putida, Biochemical Engineering Laboratory, Department of Chemical 
Engineering, Annamalai University, Tamilnadu, India. 
74. Konopka, A., Zakharova, and Bischoff. M., (1999) Microbial biomass and activity in 
lead contaminated soil, Appl. Environ. Microbiol., 65: 2256-2259. 
75. Kotresha D. and Vidyasagar G. M. (2008) Isolation and characterisation of phenol-
degrading Pseudomonas aeruginosa MTCC 4996, World Journal of Microbiology 
and Biotechnology, 24:541–547. 
76. Ksibi Mohamed (2006) Chemical oxidation with hydrogen peroxide for domestic 
wastewater treatment, Chemical Engineering Journal, 119, 161–165. 
77. Kumar Arinjay, Kumar Shashi and Kumar Surendra (2005) Biodegradation kinetics 
of phenol and catechol using Pseudomonas putida MTCC 1194, Biochemical 
Engineering Journal, 22,151–159. 
78. Kumaran P. and Paruchuri K. (1997) Kinetics of Phenol Transformation, Water Res., 
31(1): 11-22. 
79. Li Bin, Pan Danmei, Zheng Jinsheng, Cheng Yangjian, Ma Xiaoyan, Huang Feng and 
Lin Zhang, Langmuir (2008) Microscopic Investigations of the Cr(VI) Uptake 
Mechanism of Living Ochrobactrum anthropi, 24, 9630-9635. 
76 
 
80. Liotta L. F., Gruttadauriab M., Dicarloc G., Perrini G. and Librando V. (2009) 
Heterogeneous catalytic degradation of phenolic substrates: Catalysts activity Journal 
of Hazardous Materials, 162 588–606.  
81. Liua Y.J., Zhang A.N. and Wang X.C. (2009) Biodegradation of phenol by using free 
and immobilized cells of  Acinetobacter sp. XA05 and  Sphingomonas sp. FG03,  
Biochemical Engineering Journal.  
82. Mahadevaswamy M., Mall ID., Prasad B. and Mishra IM., (1997) Removal of phenol 
by adsorption on coal fly ash and activated carbon. Pollut. Res., 16(3):170-175. 
83. Marrot, B., Barrios -Martinez A., Mou P. and Roche N. (2006) Biodegradation of 
high phenol concentration by activated sludge in an immersed membrane bioreactor, 
Biochem. Eng. J., 30, 174-183. 
84. Matheswaran Manickam, Balaji Subramanian, Chung Sang Joon and Moon Shik  
(2007) Studies on cerium oxidation in catalytic ozonation process: A novel approach 
for organic mineralization Catalysis Communications, vol 8, 1497–1501. 
85. McLean J. and Beveridge T. J., (2001) Chromate reduction by a pseudomonad 
isolated from a site contaminated with chromated copper arsenate. Appl Environ 
Microbiol., 67:1076-1084. 
86. McLean J., Beveridge T.J and Phipps D., (2000) Isolation and characterization of a 
chromium reducing bacterium from a chromated copper arsenatecontaminated site, 
Environ Microbiol., 2: 611–619. 
87. Megharaj M., Avudainayagam S. and Naidu R. (2003) Toxicity of hexavalent 
chromium and its reduction by bacteria isolated from soil contaminated with tannery 
waste Current Microbiology, Vol. 47 pp. 51–54. 
88. Mordocco Angela, Kuek Clem and Jenkins Roger (1999) Continuous degradation of 
phenol at low concentration using immobilized Pseudomonas putida, Enzyme and 
Microbial Technology, 25, 530–536. 
89. Mordocco Angela, Kuek Clem and Roger Jenkins (1999) Continuous degradation of 
phenol at low concentration using immobilized Pseudomonas putida, Enzyme and 
Microbial Technology, 25, 530–536. 
90. Nair C. Indu, Jayachandran K. and Shashidhar Shankar (2008) Biodegradation of 
phenol, African Journal of Biotechnology, Vol. 7 (25), pp. 4951-4958. 
91. Narasimhulu Korrapati, Rao P. Sreenivasa and Vinod A.Venu (2010) Isolation and 
identifi cation of bacterial strains and study of their resistance to heavy metals and 
antibiotics, Journal of microbial biochem technology , volume 2(3): 074-076. 
77 
 
92. Nkhalambayausi-Chirwa Evans M. And Wang Yi-Tin (2001) Simultaneous 
chromium(vi) reduction and phenol degradation in a fixed-film coculture bioreactor: 
reactor performance, Wat. Res., Vol. 35, No. 8, pp. 1921–1932.  
93. Nkhalambayausi-Chirwa Evans M., M.ASCE, and Wang Yi-Tin, M.ASCE (2005) 
Modeling Cr (VI) reduction and phenol degradation in a coculture biofilm reactor 
Journal of Environmental Engineering, Vol. 131, No. 11.  
94. Nosheen Sofia, Nawaz Haq and Ur-Rehman Khalil (2000) Physico-chemical 
characterization of effluents of local textile industries of Faisalabad–Pakistan 
International Journal Of Agriculture & Biology, Vol. 2, No. 3. 
95. Nuhoglu A. and Yakin B. (2005) Modelling of phenol removal in a batch reactor, 
Proc. Biochem., 40: 233-239. 
96. Okpokwasili G.C. and Nweke C.O. (2005) Microbial growth and substrate utilization 
kinetics, African Journal of Biotechnology, Vol.5 (4), pp. 305-317. 
97. Pandey Piyush Kant, Choubey Shweta, Verma Yashu, Pandey Madhurima, Kamal S. 
S. Kalyan and Chandrashekhar K. (2007) Biosorptive removal of Ni(II) from 
wastewater and industrial effluent,  Int. J. Environ. Res. Public Health, 4(4), 332-339.  
98. Parameswari E., Lakshmanan A. and Thilagavathi T., (2009) Biosorption of 
chromium (VI)and nickel (II) by bacterial isolates from an aqueous solution, 
EJEAFChe., 83:150-156. 
99. Park D., Yun Y. S., Jo J. H., & Park J. M., (2006) Biosorption process for treatment of 
electroplating wastewater containing Cr (VI): Laboratory-scale feasibility test. 
Industrial & Engineering Chemistry Research, 45 14: 5059–5065. 
100. Patel Hema and Pandey Suneel (2009) Exploring the reuse potential of chemical 
sludge from textile wastewater treatment plants in india-a hazardous waste, 
American Journal of Environmental Sciences, 5 (1): 106-110.  
101. Patel Himanshu and Vashi R.T. (2010) Treatment of textile wastewater by 
adsorption and coagulation, E-Journal of Chemistry, 7(4), 1468-1476. 
102. Paula M., Van schei, Young L.Y. (1998) Isolation and Characterization of phenol 
degrading denitrifying bacteria. Appl. Environ. Microbiol.,  64(7): 2432-2438. 
103. Pechova, Pavlata L. (2007) Chromium as an essential nutrient: a review, Veterinarni 
Medicina, 52, (1): 1–18. 
104. Poopal Ashwini C. and Laxman R. Seeta (2009) Studies on biological reduction of 
chromate by Streptomyces griseus, Journal of Hazardous Materials, 169, 539–545. 
78 
 
105. Poornima K., karthik L., Swadhini S.P., Mythili S. and Sathiavelu A. (2010) 
Degradation of chromium by using a novel strains of pseudomonas species, J 
Microbial Biochem Technology, Volume 2(4): 095-099– 095. 
106. Prpich G.P. and Daugulis A.J. (2005) Enhanced biodegradation of phenol by a 
microbial consortium in a solid-liquid two-phase partitioning bioreactor. 
Biodegradation, 16: 329-339. 
107. Pyo Yoon Kyung (2003) Construction and characterization of multiple heavy metal 
resistance phenol degrading pseudomonas strains, Jounal Of Microbialogy, 
Biotechnology, 13(6) 1001 – 1007. 
108. Raghu S., Basha C. and Ahmed (2007) Chemical or electrochemical techniques, 
followed byion exchange, for recycle of textile dye wastewater Journal of Hazardous 
Materials Volume, 149, Issue 2, Pages 324-330. 
109. Rajbanshi (2008) Study on heavy metal resistant bacteria in guheswori sewage 
treatment plant our nature, 6: 52-57. 
110. Ramakrishna K. and Philip Ligy (2005) Bioremediation of Cr(VI) in contaminated 
soils, Journal of Hazardous Materials, B121 109–117. 
111. Santos Vera Lu cia dos, Monteiroa Andrea de Souza, Braga Danu bia Telles and 
Santoro Marcelo Matos (2009) Phenol degradation by Aureobasidium pullulans FE13 
isolated from industrial effluents, Journal of Hazardous Materials, 161, 1413–1420. 
112. Sapari N., Idris A., & Hisham N., (1996) Total removal of heavy metal from mixed 
plating rinse wastewater. Desalination, 106, 1–3: 419–422. 
113. Saravanan Pichiah, Pakshirajan K. and Saha Prabirkumar (2008) Growth kinetics of 
an indigenous mixed microbial consortium during phenol degradation in a batch 
reactor, Bioresource Technology, 99, 205–209. 
114. Saravanan Pichiah, Pakshirajan K. and Saha Prabirkumar (2009) Batch growth 
kinetics of an indigenous mixed microbial culture utilizing m-cresol as the sole carbon 
source, Journal of Hazardous Materials, 162, 476–481. 
115. Saravanan Pichiah, Pakshirajan K. and Saha Prabirkumar, (2008) Growth kinetics of 
an indigenous mixed microbial consortium during phenol degradation in a batch 
reactor, Bioresource Technology, 99, 205–209. 
116. Sauer Ticiane Pokrywiecki, Casaril Leonardo, Oberziner Andre Luiz Bertoldi, Jose 
Hum berto Jorge, Fatima Regina de and Moreira Peralta Muniz (2006) Advanced 
oxidation processes applied to tannery wastewater containing direct black elimination 
and degradation kinetics, journal of hazardous materials, b135, 274–279. 
79 
 
117. Sethuraman P. and Balasubramania N., (2010) Removal of Cr(VI) from aqueous 
solution using Bacillus subtilis, Pseudomonas aeruginosa and Enterobacter cloacae, 
International Journal of Engineering Science and Technology, Vol. 2(6), 1811-1825. 
118. Shakoori A.R., Makhdoom M. and Haq R.U., (2000) Hexavalent chromium reduction 
by a dichromate-resistant gram-positive bacterium isolated from effluents of 
tanneries, Appl. Microbiol. Biotechnol., 53, 348–351. 
119. Sharma kanika (2002) Microbial Cr(VI) reduction: Role of electron donors, acceptors, 
and mechanisms, with special emphasis on clostridium spp. Phd thesis. 
120. Shazhang li, Hangwong kin, Yin Yi Pho, Hu Chun,  Jyu Im Myc, Yeung Chan  Chiu 
and Keung Wong Po, (2010) Effective photocatalytic disinfection of e. coli k-12 using 
agbr-ag-bi2wo6 nanojunction system irradiated by visible light: the role of diffusing 
hydroxyl radicals, Environ. Sci. Technol., 44, 1392–1398. 
121. Shazhang Li, wong Kin – Hang, Yip Ho-Yin, Chun  HU, Jimmy Cycu, chan Chiu–
yeung and Keungwong Po (2010) Effective photocatalytic disinfection of e. coli k-12 
using agbr-ag-bi2wo6 nanojunction system irradiated by visible light: the role of 
diffusing hydroxyl radicals, Environ. Sci. Technology, 44, 1392–1398. 
122. Shen hai by and Wang yi-tin (1994) Biological reduction of chromium by E. coli, 
Journal of Environmental Engineering, vol. 120, no. 3. 
123. Song Huaxiao, Liu Yunguo, Xu Weihua, Zeng Guangming, Aibibu Nuzaaiti, Xu Li 
and Chen Beibei (2009) Simultaneous Cr(VI) reduction and phenol degradation in 
pure cultures of Pseudomonas aeruginosa CCTCC AB91095, Bioresource 
Technology, 100, 5079–5084. 
124. Srivastava Shaili and Thakur Indu Shekhar (2006) Isolation and process parameter 
optimization of Aspergillus sp. for removal of chromium from tannery effluent, 
Bioresource Technology, 97, 1167–1173. 
125. Srivastava Shaili and Thakur Indu Shekhar (2008) Evaluation of biosorption potency 
of Acinetobacter sp. for removal of hexavalent chromium from tannery effluent, Iran. 
J. Environ. Health. Sci. Eng., Vol. 5, No. 3, pp. 195-200. 
126. Suhaila Nor, Ariff  Y., Rosfarizan A. M. and Latif Abdul, Ahmad I.,  Norazah, S.A., 
Shukor M.N.M.Y.A, (2010) Optimization of parameters for phenol degradation by 
rhodococcus ukm-p in shake flask culture, proceedings of the world congress on 
engineering 2010, vol 1. 
80 
 
127. Tziotzios G., Teliou M., Kaltsouni V., Lyberatos G. and Vayenas D.V. (2005) 
Biological phenol removal using suspended growth and packed bed reactors, 
Biochemical Engineering Journal, 26, 65–71. 
128. Tziotzios George, Dermou Eftychia, Politi Dorothea and Vayenas Dimitris V. (2008) 
Simultaneous phenol removal and biological reduction of hexavalent chromium in a 
packed-bed reactor, J Chem Technol Biotechnology, 83: 829–835. 
129. Vaneechoutte, M., Kampfer, P., Baere, T.D., Falsen, E., Verschraegen G. and (2004) 
Wautersia gen. nov., a novel genus accommodating the phylogenetic lineage 
including Ralstonia eutropha and related species, and proposal of Ralsonia 
[Pseudomonas] syzygii (Roberts et al.1990) comb. nov. International Journal of 
Systematic and Evolutionary Microbiology, 54, 317–327. 
130. Vasanthy, M. (2004) An investigation on removal of chromium (VI) using bacterial 
strains Asian J. Microbiol. Biotech. Env. Sci., 6(4):583-586. 
131. Veenagayathri Krishnaswamy and Vasudevan Namasivayam (2010) Effect of pH, 
Nitrogen Sources and Salts on the Degradation of Phenol by the Bacterial Consortium 
Under Saline Conditions, International Journal of Biotechnology and Biochemistry, 
Volume 6, pp. 783–791. 
132. Wahaab Rifaat Abdel (2000) Updrading of industrial waste water treatment units at 
automobile industry, Biomedical And Environmental Sciences,13, 219 – 224.  
133. Wang X. J., Chen S. L., Gu X. Y., Wang K. Y. and Qian Y. Z. (2008) Biological 
aerated filter treated textile washing wastewater for reuse after ozonation pre-
treatment, Water Science Technology, WST 58.4. 
134. Wang Y. and Xiao C. (1995) Factors affecting hexavalent chromium reduction in pure 
cultures of bacteria, Water Res., 29 (11), 2467–2474. 
135. Wang YT. and Chirwa EM. (1998) Simultaneous removal of Cr(VI) and phenol in 
chemostat culture of E. coli ATCC 33456 and P. putida DMP-1, Water Sci 
Technology, 38:113–119. 
136. Wang, Y. T. and Shen H. (1995) Bacterial reduction of hexavalent chromium, J. 
Environ. Microbiology, 14:159–163.  
137. Wasi Samina, Jeelani Ghulam and Ahmad Masood (2008) Biochemical 
characterization of a multiple heavy metal, pesticides and phenol resistant 
Pseudomonas fluorescens strain, Chemosphere 71, 1348–1355. 
138. Wei Gehong, Yu Jianfu, Zhu Yuhua, Chen Weimin and Wang Li (2008) 
Characterization of phenol degradation by Rhizobium sp. CCNWTB 701 isolated 
81 
 
from Astragalus chrysopteru in mining tailing region, Journal of Hazardous Materials, 
151, 111–117. 
139. Wei Gehong, Yu Jianfu, Zhu Yuhua, Chen Weimin and Wang Li (2008) 
Characterization of phenol degradation by Rhizobium sp. CCNWTB 701 isolated 
from Astragalus chrysopteru in mining tailing region, Journal of Hazardous Materials, 
151, 111–117. 
140. Xie Xuehui, Fu Jin, Wang Huiping and Liu Jianshe (2010) Heavy metal resistance by 
two bacteria strains isolated from a copper mine tailing in China, African Journal of 
Biotechnology, Vol. 9(26), pp. 4056-4066.  
141. Yogeswary P., Yusof Mohd Rashid Mohd and Amin Nor Aishah Saidina (2005) 
Degradation of phenol by catalytic ozonation, Journal of Chemical and Natural 
Resources Engineering, 2: 34 – 46. 
142. Yoshinobu Ishibashi, Cervantes T Carlos and Simon (1990) Chromium reduction in 
Pseudomonas putida,  Applied And Environmental Microbiology, p. 2268-2270. 
143. Yun-guo LIU, Cui Pan, Wen-bin Xia, Zeng Guang-ming , Ming Zhou , Yuan-yuan 
Liu, Jie Ke and Chao Huang, (2008) Simultaneous removal of Cr(VI) and phenol in 
consortium culture of Bacillus sp. and Pseudomonas putida Migula (CCTCC 
AB92019) Trans. Nonferrous Met.Soc.China, p.1014-1020. 
144. Yusuff R.O. and Sonibare J.A. (2004) Characterization of textile industries‟ effluents 
inkaduna, nigeria and pollution implications global nest: the int. j. vol 6, no 3, pp 212-
221. 
145. Zawani Z., Luqman Chuah A. and Thomas Choong S. Y. (2009) Equilibrium, kinetics 
and thermodynamic studies: adsorption of remazol black 5 on the palm kernel shell 
activated carbon (PKS-AC), European Journal of Scientific Research Vol.37 No.1, 
pp.67-76. 
146. Zorpas Antonis A., Inglezakis Vassilis J., Stylianou Marinos and Irene Voukkali 
(2010) Sustainable Treatment Method of a High Concentrated NH3 Wastewater by 
Using Natural Zeolite in Closed-Loop Fixed Bed Systems, Open Environmental 
Sciences, 4, pp. 1-7. 
 
